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STUDIES ON THE PHYSIOLOGY OF PLAIN MUSCLE. 
I. The effect of alteration of hydrogen-ion concentration on the 
tone and contractions of plain muscle. By C. LOVATT EVANS 
AJTD S. W. F. UNDERHILL (Brilish Medical Association Research 

Scholar). 

(From the Physiological Laboratory, St Bartholomew's Hospital Medical 

College, and the National Institute for Medical Research, London.) 

Although many investigators, c.g. Dixon, Lave recorded the effects of 
acid or alkali on plain muscle from various sources, yet in no published 
work which we have been able to trace has the effect of alteration of the 
hydrogen-ion concentration of the environment been studied from the 
general standpoint of the physiology of plain muscle. In most of the 
published work, the effects of change of reaction on the tonus, or on the 
spontaneous rhythmic contractions, of some particular preparation, have 
been studied. Even here, however, there is a lack of unanimity ns regards 
the effects; the musculature of the blood vessels, for instance, is generally 
considered to be relaxed by increase, and constricted by decrease of 
hydrogen-ion concentration, and though there cannot be the slightest 
doubt that this is generally true, several investigators have obtained the 
opposite result. The explanation of this has been supplied by the careful 
researches of Fleisch, who has shown that in many pf the perfused 
preparations employed for such experiments, the hydrogen-ion concen- 
tration and oxygen supply of the fluid used for perfusion were very 
abnormal, with the consequence that the vessels started in a state of 
maximal dilatation, which was not further influenced by small amoxmts 
of acid, but was replaced by constriction when an extremely acid reaction, 
far beyond any obtainable in vivo, was reached. Somewhat similar con- 
clusions were reached by Atzler and Lehmann by the use of buffered 
perfusion fluids of known hydrogen-ion concentration. IVhether the 
action is on the muscle tissue or on the nerves has not been finally 
decided. 

We have therefore studied the question rather more fully, using 
various types of plain muscle, in order to ascertain how far, if at all, 
there was a general resemblance between plain and striated muscle in 
their behaviour towards change of reaction. The theoretical importance 
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2 G. L. EVANS AND S. W. F. UNDERHILL. 

of such, an investigation is obvions; if the eSects of acid on plain and 
striated muscle are similar, it might be reasonable to suppose that the 
mechanism of contraction is essentially the same in both types; but if 
the efiects are fundamentally different then it must be inferred that acid 
production has, in plain muscle, no causal connection "with contraction. 

In carrying out these experiments, we have avoided very great 
changes in hydrogen-ion concentration, which can have little physio- 
logical significance. This probably explains why some of our results 
differ from those of previous investigators. There can be no doubt that 
contraction of many forms of plain muscle can be obtained by very 
great and sudden change of reaction, as by almost any other sudden 
change, chemical or physical. As instances of the effects of such sudden 
changes of reaction may be quoted some of the experiments on the 
uterus hy Tarndon and of one of us (C. L. B.) who found that the 
plain muscle of the heart of IIelia> pomatia went into tonus when treated 
ndth carbon dioxide. 

According to Clark, living animal cells are not permeable to hydroxyl 
ions; if this quite probable view be accepted, then the effects which we 
have found must either be due to the hydrogen ion alone, or must be 
confined to alterations at the surface of the cehs- 

Meihods. A few experiments on perfused blood vessels served to 
confirm the correctness of the conclusions drawn by Bleisch, and these 
need not be further referred to here. The tissues employed were the 
uterus and intestine of the cat, guinea-pig and rabbit, the sphincter of 
the iris of the cat, and the retractor penis of the dog. The method 
adopted was to suspend the portions of surviving plain muscle in a bath 
of some suitable saline solution at 38° C. in the maimer described by 
Burn and Dale for the guinea-pig uterus. Except where otherwise 
stated, oxygen was bubbled at a constant rate through the saline solution 
in which the preparation was suspended. The record of the state of con- 
traction of the tissue was made in most cases by the use of the frontal 
lever described by one of us (G. L. E.), but in some instances an ordinary 
tangentially writing lever was employed. 

The reaction of the saline solution in the bath was determined at 
intervals by the use of the indicator method described by Dale and 
Evans, the procedure of dialysis being omitted. The reaction of the 
bath was altered, when required, by the addition of acid or alkali of 
such concentration (usually «/10) that the volume added was only 1-2 
p.c. of the volume of saline already in the bath: it was found that unde 
these conditions it was immaterial whether the acid or alkali was mad 
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up with water or Bnlino solution, or whether it was warmed or cold when 
added. The acids used were hydrochloric, phosphoric, sarcolactic, fer- 
mentation lactic, and carbonic. The lost named was added cither in the 
form of a saturated solution in sahno solution similar to that in the bath, 
or by a carefully regulated stream of fine bubbles of the gas led into the 
both at a slow and constant rate from a capillary delivery tube; regu- 
lation of the rate of flow was effected by a mercury column valve. As 
there was no essential difference between the effects of these different 
acids, wo do not propose to describe the results obtained with each one; 
unless otherwise stated, it will be understood that the elfcots described 
apply equally to similar changes of hydrogen-ion concentration effected 
by any of these acids. Alteration in the direction of reduced hydrogen- 
ion concentration was brought about by addition of n /10 sodium 
hydro.xide, or, in a few instances by sodium bicarbonate solution. 

In some of the earlier experiments Ringer’s solution of the com- 
position given byBurn andDale was used in the bath; it soon became 
apparent, however, that a stable reaction could not be maintained with 
this solution when oxygen was constantly passed through it, so a saline 
solution free from bicarbonate and lightly buffered with phosphate was 
subsequently used. This had the following composition; NaCl 8-5 grms., 
KCl -42 grm., CaCL ‘24 grm., Na 2 in ?04 -C grm., molar H 3 PO 1 -2 to ‘6 
c.o. Distilled water, 1 litre (with or without addition of 1 grm. glucose). 
The distilled water was nearly always glass-distilled and free from carbon 
’ dioxide, but in a few of the experiments on the intestine ordinary dis- 
tilled (condensed steam) water was used with the same results. 

The reaction of the solution, as usually made up was about pH 7 to 
7-3. This is much less alkaline than the usual Ringer bath after pro- 
longed passage of oxygen bubbles. The phosphate solution cannot safely 
be made strongly alkaline, because of the ease with which calcium 
phosphate precipitates out from it, and this constitutes its chief draw- 
back: solutions containing borate instead of phosphate were tried on this 
account, but were not found at all suitable. 

The effect of mechanical conditions on plain muscle. It is well known that 
plain muscle is extremely sensitive to mechanical stimuli (Griitzner); 
and Gohara has found that the effect of mechanical stimulation plays 
an important part in experiments on the surviving vas deferens. In our 
opinion, the effects of mechanical stimulation are not sufficiently taken 
into account in using surviving preparations; some forms of plain muscle 
show contraction and others show relaxation as a result of meohaniaol 
stimuli. A most important factor is the mechanical effect produced by 

1—2 
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the passage of the stream of oxygen bubbles through the bath in which 
the preparation is suspended. The guinea-pig uterus, which normally 
shows but httle tone, responds by a prolonged contraction when the 
stream of oxygen bubbles is stopped. It might be supposed that this is 
due to oxygen lack, but such an explanation is not adequate, because 
if a stream of nitrogen or hydrogen be substituted for one of oxygen 
(which change itself causes some increase of tone), exactly the same thing 
occurs when the current of bubbles is interrupted (Fig. 1); the relaxed 



Fig. 1. Guinea-pig uterus — eSect of agitation of the solution in the hath. A. Oxygen 
replaced by nitrogen bubbles. B. '35 minutes after A, the nitrogen was turned off. 
G. Mechanical agitation on guinea-pig uterus contracted by acetyl choline. , 


condition is resumed when the bubbling of gas is recommenced, or if 
the liquid is agitated by stirring or if the surface of the tissue is gently 
stroked by a camel hair brush. Sometimes even briskly tapping the sides 
of the vessel with a glass rod is enough to produce the relaxation. It is 
curious that, when the tissue is in a contracted state, as in the presence 
of histamine or acetyl choUne, the effect of the mechanical stimulation 
is reversed, since it now gives rise to the maximal state of tone, which 
becomes decidedly reduced when the stimulus due to the bubbling of 
oxygen, nitrogen or hydrogen is stopped (Fig. 1). 

A similar phenomenon was shown by the guinea-pig intestine before 
and after the addition of acetyl choUne. The cat’s uterus, which is 
normally tonic, behaved, without addition of acetyl choline or histamine, 
in the same way as the tonically contracted guinea-pig uterus, i.e. 
mechanical stimuli brought about or maintained the contraction, but it 
was impossible to use nitrogen for this purpose, because oxygen lack 
speedily led to a relaxed state of the tissue, which then showed httle 
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further change on stoppage of the current of gas; such change ns there 
was, however, was in the direction of a further sliglit relaxation, and not 
contraction. Wo mention these phenomena to indicate that they play 
an important part in the experimental conditions, and further because 
we wish to anticipate false arguments causally connecting o.xygen lack, 
and the lactic acid formation, which wo believe to bo consequent on it 
in this tissue, with the state of contraction. 

Our opinion is, rather, that contraction and tonus, and perhaps also 
relaxation, of plain muscle can be caused by the production of some 
metabolites. The effect of the stoppage of the stream of gas bubbles we 
imagine to be largely due to the consequent accumulation of such meta- 
bolites in the tissue, and it is significant that the guinea-pig uterus, when 
suspended in warm moist o.xygen gas soon passes into a state of tonus, 
which we believe to have a similar origin. Not all forms of plain muscle 
behave in the same way, but a similar effect hn,s been described by 
Mangold in stomach muscle, under the name of rigor mortis. 

The small intestine. Our results in a long series of experiments on the 
ileum of the rabbit and cat have been generally concordant, though the 
magnitude of the effects obtained has been found to vary according to 
the physiological condition of the bowel, the extent and rapidity of the 
change in hydrogen-ion concentration, and the hydrogen-ion concentra- 
tion existing at the moment the alteration was made. The cat’s intestine 
was generally less sensitive to change of reaction than the rabbit’s. 

In the rabbit, starting from about pH 7-3, a sudden change to 
pH C-5, or sometimes even to 6-8, stops the contractions and causes 
relaxation : the contractions may start again later, but the tonus is not 
usually restored. In the cat, a change to pH 6-5 causes slowing of the 
rhythmic contractions, and some loss of tonus, but a reaction of pH 0 
or less is usually necessary to stop the rhythmic contractions (Fig. 2). 
In both cases, a change to the acid side of neutrality causes a decrease 
in the amplitude of the rhythmic contractions previous to their dis- 
appearance. A sudden change in the opposite direction, e.g. to pH 8, 
produces an increase of tonus, and again a reduction, though a less 
conspicuous one, in the amplitude of the rhythmic movements. Some- 
times, especially when the tonus change is a steep one, there is a tendency 
for the effect to be only transitory, and partly to pass off afterwards. 
If the change in reaction is made quite slowly, e.g. over an interval of 
one or more minutes, the alteration of tone is either absent or is much less 
pronounced, and the effects on the rhythmic contractions are then more 
clearly seen. These appear at their beat in a medium of which the reaction 
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is neutral, or very sligttly on the acid side: a definite depression is seen 
at fR 6-5 and again at about pH 8; there is also commonly a slight 



Fig. 2. Fig. 3. 

Fig. 2. Small intestine of cat. At A, 1-5 c.c. vrarm •! n NaOH. At B, carbon dioxide 
bubbled into bath; at C, COj o2; at D, contents of bath changed for fresh phosphate 
solution. Interval between portions of tracing, 3 minutes. 

Fig. 3. Ileum of rabbit. Between A and B 4 c.c. of warm saline solution containing -01 n 
HCl added. Between C and D, 7 c.c. dilute NaOH added gradually. Intervals between 
portions of tracing, from left to right=17 mins., 8 mins., 9 mins. 


alteration in rate in the direction of a slowing in an acid and a quickening 
in an alkaline medium (Fig. 3) ; in one experiment, for instance, a piece 
of rabbit’s ileum showed 10 beats per minute at pH 6-58 and 13 at 7*74. 
So far as we could ascertain, the effects on the circular and longitudinal 
muscular coats were similar in all respects. 

In one particular, we found a departure from the description given 
above, and this was with a rabbit’s intestine in a bath the alkalinity of 
which exceeded pH 7-6, when a slightly relaxed state set in. When a 
sudden addition of acid was made, an increase of tonus appeared (Fig. 4). 
The same phenomenon was less clearly seen in some other instances 
when the pH exceeded 8. We regard this effect as due, not directly to 
the alteration of hydrogen-ion concentration, but to change in the ionic 
calcium content of the phosphate solution. At about pH 8 the liquid 
begins to show signs of turbidity, which rapidly increases as the alkalinity 
rises; this fine precipitate of calcium phosphate, which is especially 
liable to be produced when NaOH is suddenly added, leads to a reduction 
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in the calcium-ion concentration of the bath; indeed, it is not unlikely 
that, owing to the presence of small amounts of protein washed out from 
the tissue, which act ns a protective, 
colloidal calcium phosphate is often 
present even before pH 8 is reached. 

We have not studied the effect of 
the calcium ion on plain muscle in 
any detail, but have observed that 
lack of calcium produces relaxation 
in the guinea-pig uterus; both Sti les 
and Ficngn have observed that 
calcium in excess leads to .a tonic 
contraction of the frog’s and hen’s 
oesophagus. The effect of acid in 
producing contraction when added 
to a bath of pH 8 or more does 
not seem to bo at all surprising, since 
it would raise the calcium concentra- 
tion. 

The response of the intestine to 
pilocarpine was tested at various 
reactions: in neutral and alkaline 
fluids there seems to bo little difference, but the response is definitely 
reduced in a bath of an acid reaction, and is abolished when the pH 
reaches G. Extremes of reaction, i.e. beyond pH 8 and G, rapidly kill 
the tissue, and it is interesting to note that when death is produced by 
the addition of acid, it happens with the tissue in the fully relaxed state. 

Our results with the intestine agree generally wth those ofHammett 
and of Bottazzi. Mansfeld and Hooker state that under certain 
conditions carbon dioxide can act as a stimulus to the intestinal muscle; 
in some of our experiments too, carbon dioxide has caused an increase 
of tonus, but we are inclined to attribute this exceptional result to 
change of calcium concentration, ns explained above. 

The guinea-fig uterus. The uterus of the non-pregnant guinea-pig 
proved to be much more sensitive to change of hydrogen-ion concen- 
tration than the small intestine, and owing to its greater instability, to 
give less concordant results. When the bath was definitely alkaline to 
begin with (pH 8) small additions of acid almost invariably produced a 
large contraction, which slowly declined and gave place to slow large 
rhythmic movements (Fig. 5). As the reaction of the original bath was 
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made less alkaline, this response became less pronounced, and when the 
initial reaction had reached pH G or o, further acidification usually led 



Fig, 5. Different effects of change of reaction on the guinea-pig utenis. 


to a definite and rapid relaxation, with disappearance of the spontaneous 
rhythmic contractions (Fig. 5). In this relaxed state, the tissue is quite 
insensitive to even large doses of oxytocic drugs such as histamine; the 
tissue is not dead, however, as can he demonstrated by changing the 
contents of the bath back again to a solution of about neutral reaction, 
when the response to the drug returns in a short time (Fig. 6). 

After a change of reaction (apart from excessive ones leading to 
temporary paralysis, such as that described above), the tissue slowly 
settles down again and becomes more or less quiescent under the changed 
conditions at an approximately normal extended length. When this has 
happened (which often takes an hour or so), it is found that the response 
to drugs is unchanged. Fig. 7 illustrates the constancy of response to 
•01 mg. of histamine at pH values from 6-5 to 9-2 (bicarbonate Ringer). 
The effect of alkalies is the reverse of that of acids (Fig. 5). 
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The general dTeot of alteration of reaction is similar to that seen 

in the experiments on the intestine, but the 

contraction seen on addition of acid to a pre 
paration in an alkaline bath is much more 
pronounced u-ith the uterus. We believe the 
explanation to be similar, and the elTccts to be 
more conspicuous because this tissue is more 



Fig. C. Fig. 7. 

Fig. 6. Guinca'pig uterus. First portion shons the normal response to *1 mg, histamine. 
At A, *25 c.c. 5 p.c. lactic acid; }>ctuecn B and C, 15 c.c. saturated CO^ solutioni &nd 
at D, “5 C.C. 5 p.c. lactic acid. The reaction was now about 5. At E^, *1 mg. hista* 
mine produced no effect. The contenta of the bath were then changed, and at F,, 
*1 mg. of histamine produced the usual effect. At F, *5 c.c. saturated 00^ added 
produced n transitory intermission of the conlraetion. 

Fig. 7. Response of guinea-pig uterus to *01 mg. hiataraino at diflerent reactions. 


sensitive to an alteration in the ionic calcium content of the fluid in 
which it is immersed. 

The uterus of the rabbit and cal. Our results on these tissues agree 
with those of Farndon on the cat’s uterus. The plain muscle of these 
organs and particularly that of the cat, differs from that of the guinea-pig 
uterus in exhibiting a more definite tonus when placed in baths at 
ordinary reactions. The response to acidification was in every case a 
relaxation of tonus, and usually at first a slowing and amplification of 



10 C. L. EVANS AND S. TF. F. UNDERHILL. 

tte rhythmic contractions; with further increase of hydrogen-ion con- 
centration the rhythmic movements slowly faded away (Fig. 8). 



Fig. S. Effect of change of reaction on the cat’s uterus. 

TJie retractor penis and iris.- Mosso has stated that pure carbon 
dioxide causes contraction of the retractor penis of the bullock, while 
Bottazzi states that carbon dioxide diminishes the tonus of the dog’s 
retractor. Our results are at variance with those of both observers, since 
we have never observed any effect on moderate change of reaction. We 
should not have expected to see any relaxation, because the retractor 
penis, in our experience, does not normally display tonus. The same 
remarks apply to the isolated iris of the cat, which we tried on two 
occasions, with negative results. 

The influence of heal nervous niechanisms. The old and obvious 
objection that different responses in plain muscle may be attributed to 
varying effects on the nervous elements present in the preparation 
leaves us in somewhat of a quandary in interpreting our results; we have 
tried by various methods to circumvent these objections, in order to be 
able to relate the results to effects upon the muscle alone. It is difl&cult, 
however, or even impossible, entirely to dissociate the two, as a con- 
sideration of the state of affairs in the cat’s uterus will show. According 
to Langley and Anderson the nerve supply to this organ is a sym- 
pathetic one, and their experiments also give evidence for the existence 
of some terminal cell stations in the organ itself. Dale and Cushny 
found that the principal effect of hypogastric stimulation on the virgin 
uterus was inhibitory, but that in the pregnant uterus the principal 
effect was motor, due, according to Cushny, to the predominating 
effect of motor fibres in the normal nerve supply. Both the motor and 
the inhibitory effects of hypogastric stimulation were abolished by nico- 
tine in large doses, but were unaffected by atropine. If we assume that 
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the nonnal tonus of the cat’s uterus is of nervous origin, it would seem 
not unreasonable to suppose that the action of increased hydrogen-ion 
concentration is aldn to that of adrenaline, and stimulates the inhibitory 
nervous structures; in any case, acid would presumably show no effect 
at all in the absence of the initial tonus, which it is able to relax. So 
that the nervous mechanism in the tissue would on this assumption, bo 
at least indirectly responsible for the effect produced by the addition of 
acid, or even directly responsible for it, if wo suppose it to act by exciting 
the inhibitory nerves. 

Wo have studied the effect of alteration of reaction upon cats’ uteri 
previously treated with nicotine or atropine; we used the latter because 
of the statement made by Schultz and other authors that atropine 
paralyses all the nerve endings in plain muscle (GrUtzner, p. 59). It 
was found that the effect of change of reaction in presence of •! p.c. 
nicotine or -Ol p.c. atropine was essentially the same, as regards the 
effect on the tonus, as in the absence of these substances, which would 
lead us to infer that the relaxation is a real effect on the muscular tissue. 
Further, wo have observed the responses of cats’ uteri preserved at 
0° C., from day. to day, until the tissue was dead. The response was 
never altered in direction, but merely in magnitude, as the vitality and 
normal tonus of the tissue slowly fell off as a result of keeping, until 
finally the tissue ceased to react to all stimuli. It would seem very 
unlikely that nerve cells and plain muscle tissue should exhibit exactly 
the same degree of resistance to cold, and perish simultaneously, so that 
we are probably justified in regarding the response throughout as due 
to effects on the muscle itself. 

Similar experiments were carried out on the isolated small intestine: 
the response to change of reaction is unaltered by nicotine, or by pre- 
servation at 0° 0., which in one case extended up to 8 days. Although 
Cannon and Burkett have shown that the myenteric nerve plexus is 
much more resistant to anosmia and low temperatures than might have 
been imagined by analogy with other nerve cells, the same argument 
applies here as to the cat’s uterus. Hammett has foimd that the 
contraction of the rat’s intestine produced by sodium carbonate is 
abolished by cocaine, but not by nicotine; ho concludes that the action 
is on the nerves. 

An attempt was also made to decide the question by reference to 
strips of the inner part of the circular muscle coat of the intestine pre- 
pared by the method of Gunn and Underhill. Although nerve cells 
are not considered to penetrate the circular muscle coat, the strips of 
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muscle after use were fixed, serially sectioned, stained with Pappenheim's 
stain, and examined for tlie presence of nerve ceils. In some preparations 
one or two nerve cells were seen, but, so far as our examinations went, 
these were not regularly present. The isolated rings or strips of intestinal 
muscle are very sensitive to change of reaction, and rarely recovered 
from any considerable alteration, so that the results are somewhat 
ambiguous: also, we have never seen any alterations of tone at all in 
these preparations, but only in the rate and amplitude of the rhythmic 
contractions. The handling of the tissue involved in the removal of the 
rings of muscle is rather severe, and it may be that the natural tonus 
of the tissue has sufiered in consequence, so that the effect of acid in 
causing relaxation was not seen as with the intact intestine, which had 
been leas roughly treated. When there is no natural tonus in a prepara- 
tion it is clear that a relaxation effect cannot be demonstrated: for this 
reason, the retractor penis showed no effect mth the moderate changes 
of reaction which we have used. Incidentally, this form of plain muscle 
isj according to Fletcher, devoid of nerve cells. The same is true of the 
cat’s iris, in which also acids produced no effect, 

Comparmn of effects of change of reaction on plain with those on 
striated muscle. As compared with plain muscle, striated muscle appears 
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Fig. 9. Deatli of striated and plain muscle by aoidificatioiv compared. In each case tha 
bath was made up to a lactic acid content of -27 p.o. 

to be much more indifferent to small changes of hydrogen-ion concen- 
tration. when the acidity passes a certain limit, however, rigor rapidly 
sets in, and the muscle shortens. Plain muscle behaves in an entirely 
different way: any tonus it may have is, with certain exceptions, ex- 
plicable in other ways, reduced by addition of acid, so that ultimately 
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in nil cnscs, a fully relaxed state is reached, in which all spontaneous 
movement is abolished, and in which the tissue is unresponsive to drugs 
normally producing contraction; further addition of acid soon leads to 
death, but this occurs in the relaxed state, and is not followed by any 
shortening. This result is clearly shown in Fig. 9, whore the effect of 
equal acidification of striated and nnstriated muscle from the same 
animal is shown. In both eases 3 o.c. of normal sarcolactic acid was 
added to the bath of 100 c.c. of Ringer’s solution containing the tissue, 
so that the ultimate concentration of lactic acid in the bath was -27 p.o. 
Death of the plain muscle was confirmed by changing the fluid for the 
usual saline solution, and showing that addition of -25 mg. of acetyl 
choline was without effect. 


Conclusions. 

1. The effect of increase of hydrogen-ion concentration, within limits 
compatible with life, is to cause relaxation of the tone of plain muscle. 
Rhythmic contractions, sueh as those of the small intestine, arc slowed 
and depressed in extent on the acid side of neutrality, and quickened 
and depressed when the reaction becomes decidedly alkaline. Excessive 
acidification leads to death in a relaxed state. 

2. In muscle preparations devoid of tonus, increase of hydrogen-ion 
concentration has no effect. 

3. These effects are independent of action on local nervous mechanisms. 

4. When the preparation is immersed in a definitely alkaline bath 
of phosphate solution (pH 8 or more), addition of acid often produces 
an increase of tonus, or a large contraction. This effect, well seen with 
the guinea-pig uterus, is believed to be due to alteration in the ionic 
calcium content of the fluid, and not directly to change in the hydrogen- 
ion concentration. 

6. The mechanism of contraction and tonus in plain muscle is 
different from that in striated muscle. 

The expenses of the investigation wore in part defrayed out of a grant from the 
Government Grants Committee of the Royal Society to one of ns (C. L. E.). 
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ISOLATION OF DIFFERENT PARTS OF THE DI- 
GESTIVE TRACT AS A METHOD OF STUDYING 
ITS MOVEMENTS. By B. P. BABKIN 
AND E. I. SINELNIKOV. 

(From the Physiological Laboratory, University of Odessa.) 

Eor the purpose of investigation of intestinal movements wo have tried 
several forms of establishing a permanent fistula and have finally 
adopted the method here described. 

Two consecutive operations were performed on a dog. The first con- 
sists of a lateral anastomosis of the small intestine in the upper part. 
The resulting semi-isolated intestinal loop should be about 20-25 cm. 
long and must bo well supplied with blood vessels. The second operation 
is performed after an interval of three weeks, when the completion of 
the separation of the intestinal loop formed in the first operation is 
effected. The intestine is crushed by means of' an enterotribe near the 
anastomosis and then cut transversely. This leaves four loose ends of 
the intestine: two ends adjacent to the anastomosis and two others 
belon^ng to the separated loop. All four ends are now closed by sutures. 
The continuity of the digestive tract is thus preserved and at the same 
time a blind intestinal loop hanging on its mesentery is formed. A metal 
cannula (10-11 mm. bore) is now introduced into one of the two ends 
of the separated loop. The loose end of the cannula is brought to the 
skin surface by means of a trocar and fixed to the abdominal wall in the 
usual manner. If the cannula is introduced in the distal end of the 
isolated loop it is advisable to fix with a few stitches its proximal end 
to the inside surface of the abdominal wall. This will effectively prevent 
any possible intussusception (Eig. 1). 

An animal thus operated upon is ready for the experiments about 
10 days after the second experiment. It should be borne in mind, how- 
ever, that the secretory and the motor activities of the isolated portion 
of the intestine are greatly increased during the first two to three weeks. 

The following two methods were used by us for registration of the 
movements of the intestinal segment. 

(1) Air transmission. A Morey’s tambour or a piston recorder is 
connected by means of rubber tubing, directly to the fistula tubing. The 
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secretion of tJie intestiniil juice cs-n be measured simultaneously with 
the registration of the movements. The cork which closes the fistula 



Fig. 1. A. Entcrostoraosis as result ol first operstion, 
i7. Isolated loop of intestine. 

(7. Abdominal waU. 

D. Cannula. 

E) Tubing leading to the registering apparatus. 

F, Tubing through -which the intestinal juice drops into a cylinder. 

tubing is provided for this purpose with two glass tubings, one connected 
to the re^stering apparatus, the other leading to a graduated cylinder 
to collect the juice (Fig. I). 

(2) The filling method. The intestinal segment is filled with Ringer’s 
fluid or other fluid the action of which is to be tested. The filling is per- 
formed under a definite pressure, since a greater pressure than 20-40 mm. 
of water sets up rhythmic movements. 

Changes of the intra-abdominal pressure due to coughing, vomiting, 
and to a lesser degree to the movements of the animal, are also recorded 
in both cases of transmission, but all these movements can be easily 
recognised by their transitory character and can never be mistaken 
for true intestinal contractions. The respiratory movements can be con- 
trolled by their simultaneous registration. 
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The method has the following ndvnntnges over those previously used: 
(a) The animal is kept in a perfectly healthy condition for an appreciable 
length of time. (6) The intestinal loop being in connection with the 
remaining organism at the same time is easily available for raam'pulotions. 
(c) The method allows us to distinguish between the mechanical and the 
chemical effects of the substances introduced into the loop, (d) Although 
the tracings obtained by means of this method represent a total effect 
of several factors, nevertheless peculiar kinds of movements, such ns 
those of peristalsis and segmentation, give quite tj’pical forms of curve, 
(c) Not only the movements but also the secretion of the isolated in- 
testinal loop can be studied. 

A post-mortem examination of a dog, which accidentally died eight 
months after the operation, was performed. The mucous membrane and 
possibly the muscular layers of the isolated intestinal segment seemed 
to be in a condition of slight atrophy. No weakening of the motor and 
secretory activity of the loop was however observed during the life of 
the animal. This fact coincides «ith Cash’sfi) previous observation. It 
is possible that by stimuli repented sufficiently often both glands and 
muscle can bo kept in a completely normal condition, for Saviclue, 3/ 
has shown that in Thiry- Vella fistula glands which have been at rest for 
years began to socrote soon after the appliention of mechanical stimuli 
and secreted still more freely after the introduction of pancreatic juice. 

In addition to the isolation of segments from the small intestine, 
attempts were made in our laboratory to isolate by the same method 
sections of the large intestine. The results obtained by this method will 
form the subject of a further communication. 
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ON THE ABSORPTION OF INSULIN PROM THE 
STOMACH. By L. B. WINTER. 

{'From the Biochemical Laboratory, Cambridge.) 

DuDLEy(i) lias recently shown that insulin is rapidly destroyed by 
pepsin and trypsin in vitro. It is probably for this reason, rather than 
inability of insulin to pass the intestinal wall, that admiinstration of 
pancreatic extracts by the mouth has been relatively inefieotive. Sutter 
and Murlin(2) showed that pancreas extract given by the mouth to a 
diabetic patient was without effect, while subcutaneous injection of the 
same extract was successful. Murlin, Clough, G-ibbs, and Stokes(3) 
have shown that the respiratory quotient in depancreatised dogs could 
be raised if extracts of pancreas dissolved in N/20 NaOH together with 
glucose, were given by the stomach tube. Since the acid of the gastric 
juice is not sufficiently strong to destroy insulin, the purpose of the alkali 
was “not for the purpose of neutralising the acid per se, but for the pur- 
pose of inactivating pepsin.” At least I2| units were necessary to cause 
an increase in the e.q. which could be detected. Insulin is considerably 
adsorbed in acid solution, but only to a small extent when the reaction 
is alkaline (Dudley), This may be a reason for the absorption of insulin 
from the stomach when given in alkaline solution as in Murlin’s experi- 
ments, It is known that water is not, and that alcohol is absorbed from 
the stomach. It seemed possible, therefore, that administration of insulin 
by the mouth might be more successful if it were given in weak alcohoHc 
solution. 

Rabbits were used throughout. It is well known that these animals 
are very susceptible to nervous influences, and since the blood sugar was 
to be studied care was taken to accustom the animals to the stomach 
tube. It seemed also desirable to determine whether alcohol by itself 
might cause any appreciable alteration in the amount of the sugar in 
the blood. 4 or 5 c.c. of 95 p.c. alcohol were diluted to 20 or 25 c.c. with 
water, warmed to body temperature, and introduced into the stomach 
through a rubber tube. Though the blood sugar was only slightly affected, 
in a variable direction, the animals soon became unable to stand, and 
narcosis supervened. For this reason the animals used in the main ex- 
periments were accustomed to the absorption of alcohol by means of 
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gradually increasing doses on successive days, until 4 or 5 c.o. of 
95 p.o. alcohol (suitably diluted) could be absorbed without interfering 
symptoms occurring ns a result of the alcohol. 

Bang’s old method was used for the blood sugar determinations. 
Blood was usually obtained from the marginal vein of the ear. In one 
case only was it drawn from the heart. The animals were kept from food 
for twenty-four hours previous to the administration of insulin. The 
activity of the crude insulin used was such that the subcutaneous injec- 
tion of 40 mg. into a rabbit weighing 1-5 kg. caused convulsions in two 
and a half hours. The insulin was dissolved in ID to 25c.c. of 20 p.o. 
alcohol, warmed to body temperature, and administered by the stomach 
tube. 

In the first experiments large amounts of insulin or yeast extract 
were used, with the result that the blood sugar quickly fell to the con- 
vulsion point ('Ol— 05 p.c. by Bang’s method) It was evident, therefore, 
that rapid absorption of the insulin must have taken place from the 
stomach. In those cases in which convulsions occurred, no difficulty was 
experienced in recovering the animals with glucose. Experiments were 
then carried out using smaller quantities of insulin, GO mg. had an 
appreciable effect, and in one experiment half this amount reduced the 
blood sugar to -04 p.c. though convulsions did not actually occur, and 
the animal recovered Avithout the aid of glucose. The variable response 
of different animals to subcutaneous injection of insulin is well known 
and causes considerable uncertainty in the testing of preparations. A 
still greater uncertainty must attach to those experiments in which the 
extract is administered per os. The blood sugar values show, however, 
that the effect of insulin on animals is similar, whichever of these two 
methods is used. When large doses were given the blood sugar was re- 
duced very rapidly, with smaller doses the fall and rise were both slower. 
A delayed action following the administration of insulin per os has not 
been noticed. In no case has the action been prolonged as often occurs 
when a subcutaneous injection of yeast extract has been given. Pre- 
sumably the insulin is destroyed in the intestine after a certain lapse of 
time, when most of the alcohol has been absorbed. That the alcohol was 
responsible for the absorption of the insulin was shown by a control 
experiment in which 60 mg. of insulin were given per os dissolved in 
normal saline. No effect on the blood sugar was observed. Another 
experiment in which the same amount was given per os dissolved in 
N/20 NaOH gave negative results. 

In view of the considerable quantity of undigested food necessarily 

2—2 
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present in the animals’ stomachs, it seemed unlikely that any advantage 
-would result if insulin hydrochloride (Dudley) -were used instead of crude 
insulin. The interfering substances in crude insuhn are of small account 
in such a method of administration. The experiments performed -with 
the hydrochloride tend to support this -view. 2 mg. of the sample of 
hydrochloride used caused convulsions in t-wo hours when injected sub- 
cutaneously into a 1*5 kg. rabbit. 3 mg. caused only a moderate fall in 
the blood sugar when administered in alcohol per os. 

Summary. 

1 . Insuhn in weak alcohoUc solution administered to rabbits per os 
causes the blood sugar to fall to a low level. 

2. This effect was not observed when similar amounts of insuhn were 
dissolved in normal sahne, or in iS720 NaOH. 

I wish to thank the Medical B,eseaxeh Connell tor a personal grant 
held dtuing the course of this work. 
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PROTOCOLS. 

(The follo-tring are typical experiments.) 


Time 9.46 

Rabbit 1-0 kg. 

Blood sugar 

•09 p.c. 

lO'OO 

90 mg. insulin per os 

11.00 

in 20 c.o, 20 p.c. al- 
cohol 

•04 

12.30 


•04 

2.30 


•07 

4.16 


•10 


Rabbit 1’6 kg. 


10.00 

Blood sugar 

•09 p.c. 

10.20 

60 mg. insulin per os 
in 20 c.c. 20 p.c. al- 
cohol 

11.30 


•05 

12-16 

Animal collapsed 


12.30 

•03 

12.40 

40 c.o. 10 p.c. glu- 
cose injected sub- 
cutaneously 


1.00 

Animal eating 


2.40 

•10 
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Rabbit 1*0 kg. 


Time 0.45 

•12 p.c. 

10.00 

GO mg. insviUn per 
03 in 20 c.c. 20 p.c. 



alcohol 


11,20 


•09 

1.00 


•08 

3.00 


•10 

4.30 

Rabbit 1*4 kg. 

•11 

Time 9.45 

•12 p.c. 

10.00 

3 mg. insulin HCl 
per 03 in 20 o,c, 
20 p.c. alcohol 



11.20 

•03 

1.00 


•09 

2.30 

Rabbit 2 kg. 

•10 

Time 9.45 

•11 p.c.‘ 

10.00 

CO mg, insulin per 
03 in A720 NaOtf 


11.30 

•11 

1.00 


•10 

2.30 


•U 

4.00 


•u 


Rabbit 1*4 kg. 


Time 10.00 


•10 p.o. 

10.15 

30 mg. insulin per 
03 in 15c.c. 20p.c, 
alcohol 

11.00 


•06 

1.00 


•05 

2.30 


•04 

4.30 


•07 

0-00 

Rabbit 2 kg. 

•09 

Time 10.00 

*10 p.c. 

10.10 

GO mg. insulin per 
03 in 20 C.C. nonnal 
aalino 

11.15 


'10 

12.30 


•11 

2.20 

Rabbit 1-7 kg. 

-10 

Time 10.30 

'OS p.o. 

10.45 

20 C.C. 20 p.o. alco- 
hol per 03 

11-30 

'07 

l.OO 


•03 

2.45 


'08 



STUDIES ON THE PHYSIOLOGY OF PLAIN MUSCLE. 

II. The Oxygen Usage of Plain Muscle, and its Relation to 
Tonus. By C. LOVATT EVANS. 

{From the National Institute for Medical Research, London, and the 
Physiological Lahoratory of St Barthohmeids Hospital.) 

The gaseous metabolism of organs rich in plain muscle has been the 
subject of several investigations, Brodie and Vogt(i) determined the 
exchanges of the small intestine by Barcroft’s method, and found the 
oxygen usage to be about -018 c.c. per gram per min. (— 1*08 c.c, grm./hr.) 
when the intestine was at rest; deducting *026 c.c. per gram per m in. 
for the mucosa, leaves about *01 c.c, per gram per min. (= 0-6 c.c, 
grm./hr.), if tve assume that half of the weight of the organ is made up 
by muscle. The e.q. was about IT. Cohnheim andBletnew(2) found 
that the intestine produced about 85 mg. CO^ per 100 grams per hour, 
which I calculate to be about *007 c.c. per gram per min. (— *48 c.c. 
grm./hr.) Parnas(3), by indirect methods, estimated that the oxygen 
usage of the adductor muscle of a bivalve was not much greater when the 
tonic muscle supported a weight of 3 kg. than when it was in the relaxed 
and unweighted condition: these results were supported by Bethe(4) on 
theoretical grounds, and further by experiments on Unio and Aplysia. 
The experiments, however, were rather indirect, and their results might 
reasonably be questioned, as has been done by Cohnheim(5j, Cohn- 
heim and V, Uexkull(6) and Noyons and v. T7exkul](7). Since 
similar results have been claimed for striated muscle in vivo in a tonic 
state (Roaf (8)), the general principle of the metabolism of plain muscle 
in the relaxed and tonic states seemed well worth investigation. 

Methods. Isolated surviving tissues were used in all the experiments. 
The tissues were the uterus and the small intestine of various animals. 
The mucosa was in some cases left intact, in others removed. It was 
found better in the experiments in which it was desired to compare the 
tonic with the relaxed state, to leave the mueosa intact, and to damage 
the tissue as little as possible. The tonic state was induced by the action 
of drugs, such as pilocarpine, histamine or acetylcholine, and the relaxed 
state by the action of relaxing drugs when this was necessary. 

Two different methods were employed for the determination of the 
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oxygen usage; both gave similar results, but it was found advantageous 
to have the two methods available, because each of them presented 
certain drawbacks which were obviated by the other. 

The first method consisted in a simple modification of the mioro- 
respirometer described by Wintorstcin, and subsequently improved by 
Krogh(O). In order to permit of the taking of a record of the state of 
tonus of the muscle during the experiment, the arrangement shown in 
Fig. 1 was employed. The micro-respiromoter was filled ivith warm moist 
oxygen in the usual manner, the whole apparatus, with the exception of 
the manometer, being immersed in a wcll-atirced thermostat, the tem- 
perature of which was kept constant to witliin -02° C. by a toluene 
regulator. The plain muscle M, was fastened to a platinum needle fixed 
into the connection tube of the container; to the other end of the muscle 
a human hair was attached; this passed through a tube about 2 mm. 
internal diameter and over two light pulleys to a recording lever. To 
render the tube which gave passage to the hair gas-tight, its lower end 
was made e.xtremely narrow, and contained a drop of mercury, which 
was retained by surface tension: above the mercury the tube was filled 
with vaseline, which at the temperature of the bath was fluid, but 
sufficiently viscous. A small amount of a drug in solution in H could be 
run over the surface of the muscle by connecting F with an oxygen 
gasometer, opening tap A, connecting tops B, 0 and D, so os to have a 
direct way through from F to E, and then carefully turning on the 
oxygen current until about 1 c.c. of water rose into the bulb of E. The 
taps A and D are then closed, G momentarily opened to equalise pressures, 
and C and B turned to put the two vessels into connection with the 
manometer. The small volume of fluid expelled from the tube H through 
A passes by a wick, shown in the figure as a dotted line, and flows over 
the surface of the tissue. This apparatus was constructed and used in 
1919, and almost simultaneously a somewhat similar, and I think in 
some ways better, modification of the micro-iespirometer was described 
by Adam(iO). This apparatus had the disadvantage that there was no 
arrangement for washing away metabolites from the tissue: these accu- 
mulated and themselves produced alterations of tonus (e.g. a contraction 
in the case of the guinea-pig uterus), which obscured the results: the 
tonus could, however, in this tissue, be relieved for a time by running 
adrenaline over the preparation. 

The second form of apparatus used overcame these defects, but 
introduced others, particularly that of diminished accuracy. It con- 
sisted of a modified Ringer-bath in which the tissue was immersed; the 
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osygen-coDtent of the Einger’s solution, was defcerznined at the com- 
niencement and at the end of a period of observation. The apparatus is 



shown in Tig. 2, An outer glass vessel was heated by an electric lamp 
immersed to a suitable depth in the water, which was stirred by a stream 
of air bubbles. The inner vessel, containing the plain muscle, was rapidly 
stirred by the small silver paddle connected to the pulley P. {This 
stirring is absolutely essential for reasons given by Evans and 
Underhill(ii).) The shaft connecting the pulley with the paddle was 
of silver, and almost filled the bearing tube, so as to exclude contact 
with the air as much as possible. The plain muscle was fixed to a platinum 
pin fixed on the bearing tube, and its upper end was hooked to a small 
silver pin attached to a human hair; the hair passed through a fine-bore 
tube to a frontal writing lever, by which the state of contraction of the 
tissue was recorded on a revolving smoked drum. A third tube leading 
through the cork closing the inner vessel served for the introduction of 
small volumes of drug solutions. 

Warmed oxygenated Einger’s solution was siphoned over from a 
storage vessel kept at 40° C., and through which a constant stream of 
oxygen bubbles was passed, into the container at the commencement of 
\each period of observation, until it overfiowed from the iniddle tube of 
Ithe apparatus. After allowing a few moments for admixture, a sample of 
^bout 25 c.c. of the fluid was withdrawn for the oxygen estimation, and 

\ k 
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tho container nt once refilled by the siphon : alternatively, the container 
was filled and the sample for analysis taken from the siphon tube imme- 
diately afterwards. This latter was theoretically tho better procedure, 
as the inner container had a capacity of only 39 c.c., so that tho with- 
drawal of tho sample almost emptied it, but in practice equally good 
results were obtained by either method. Tho o.vygcn estimations wore 
made by a micro-modification of Winkler’s method ( 12 ). Periods of 
observation were usually of 20 or 30 minutes' duration, at the end of 
which time a second sample was taken for analysis. In an earlier form 
of tho apparatus two containers were used, one for tho plain muscle and 
one for a control, but tho latter was subsequently found to be unnecessary. 

T/ie oxygen usage of surviving plain muscle. When the oxygen supply 
to the tissue is adequate, and the conditions uniform, the rate at which 
oxygen is consumed by surviving plain muscle preparations is reasonably 
constant whichever method is used: this is illustrated by Exps. 1 and 2. 

Exp. 1. Quinea-pig utorua. *37 gram. Micro-rcapirometor method. 

Duration, c.c orygen 
Period mins. per grm. per hr. 

Maximum doriation 
from mean =5 6% 

Exp, 2. Rabbit uterus. PSO grams. Bath method, immersed m Ringer’s solution. 

1 20 -30 

2 20 -29 Maximum deviation 

3 20 *20 from mean = 10 5% 

4 30 -31 

It is, I think, right to state that the results obtained by the use of the 
micro-respirometer ore usually correct to within less than 10 p.c., and 
those obtained by the bath method to within 15 p.c. This degree of 
accuracy is enough for the purpose of the present series of experiments, 
in which greater variations than 20 p.c. are sought for. The adequacy of 
the oxygen supply is on essential condition for satisfactory results; this 
is more easily attained when the micro-respirometer is used than with 
the bath method, because in the latter oxygen is being continually used 
up, and the oxygen pressure is steadily falling from the commencement 
of the period of observation. This fall of oxygen-pressure is further 
aggravated by local oxygen deficit if the stirring of the bath is not 
constantly and efficiently performed. When oxygen deficit occurs, it 
results in reduced oxygen intake by the tissue, and this becomes more 
apparent the longer the period of observation. It is therefore a good 
safeguard, when using the bath method, to avoid letting the final oxygen 


1 

20 

•39 

2 

10 

•36 

3 

10 

•37 
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coutent of tlie batli fall too low, and, if oxygen deficit is suspected, to 
run one period for a longer rime than the others, in order to see whether 
it shows a diminished oxygen usage in unit rime. In period i of Exp. 2, 
for instance, there was no falling off in the oxygen rate although the 
period was half as long again as the preceding ones; the oxygen supply 
was therefore adequate for a period of this duration, although a calcula- 
tion shows that the oxygen-pressure during the period fell from 610 mm. 
Hg to 356 mm. Another factor which greatly affects the accessibility of 
the tissue for oxygen, is the size of the piece of tissue, as has been shown 
by Krogh for skeletal muscle(i3): for this reason large masses of tissue 
were always avoided, and long thin organs, such as the guinea-pig 
uterus, or strips of intestine were found to give the best results. 

The results obtained are best exhibited in a table, and Table I gives 
such a summary of experiments with tissue from various sources, both 
in the tonic and relaxed conditions, while Exp. 3 gives further details of 
an experiment in which the state of tonus was altered by the addition 
of the drugs (bath method), and Eig. 3 shows parts of the record obtained 
in this experiment. 


jSzp. 3. Babbit atpnis. 1 -Si) grams. 


Period 

Duration, 

mins. 

Contents of bath 

State of tone 

C.O. Oj per 
grm. per hr. 

1 

20 

Ringer 

Normal 

•30 

2 

20 

If 

tt 

•29 

3 

20 

„ +-2c.c. 1 :6000 

Increased 

'25 

4 

20 

adrenaline • 

it 

Normal 

•26 

5 

30 

ft 

yy 

•31 

6 

20 

„ -t-1 mg. histamine 

Increased 

•23 

7 

20 

„ -tu/10,000 NaCN 

Diminished 

•22 

B\p. 

Table I. c.c. oxygen per gram per minute by tissue. 
Tonus 

Tissue Tobus reduccfl normal Tonus Increasctl 

Method 


5 

6 

7 

8 
0 

10 

11 

12 

13 

14 
16 


\ 


Guinea-pig uterus 


Babbit vagina 
„ intestine 
Guinea-pig intestine 
Cat 

(muscle only) 

Cat uterus 
Rabbit uterus 
Guinea-pig uterus 

Babbit uterus 


■79 (atropine) 
•18 (adrenaline) 
•79 ( ) 

•29 (adrenaline) 


•46 ^49 (histamine) 

•54 -57 ( .. ) 

•15 -13 ( „ ) 

•26 ^25 (adrenaline) 

•88 '68 (pilocarpine) 

B43 l^ll (acetylcholine) 

•15 •IS (pilocaipinej 

•35 -12 (histamine) 

•29 ^25 (adrenaline) 

•43 •SS (histamine) 

•36 *30 (acetylcholine) 

•29 -23 (histamine) 


Micro-respirometer 

Bath 


Idicro-respirometer 

Bath 


Micro-respirometer 

Bath 


Mean -46 -39 


The results show that in the toniq state not more, but less oxygen 
Is consumed, than by the same tissue when in the relaxed condition. 
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It might be supposed where relaxation was produced by addition of 
adrenaline, as with the small intestine, or cat’s uterus, that the result 
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Fig. 4. 

might be influenced by the rapid absorption of oxygen by the adrenaline, 
which would increase the apparent oxygen usage of the tissue. This 
objection is, however, unfounded, as a simple calculation shows: if we 
assume that in the course of its spontaneous oxidation a molecule of 
adrenaline uses 3 atoms of oxygen, then 1 mg. of adrenaline should 
require only -022 c.c. of oxygen for its oxidation: since the amount of 
adrenaline added to the preparation was usually of the order of only 
•02 mg., it is clear that no measurable error can be introduced by its 
oxidation by the oxygen present in the bath or respirometer. 

Another objection might be that some drugs used have a specific 
efiect on the tissue respiration, as cyanides for instance, which always 
depress it. This objection is also answered by the results obtained with 
adrenaline, which relaxes the cat’s uterus (Exp. 11) and the intestine 
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content of the bath fall too low, and, if oxygen deficit is suspected, to 
run one period for a longer time than the others, in order to see whether 
it shows a diminished oxygen usage in unit time. In period 4 of Exp. 2, 
for instance, there was no falling off in the oxygen rate although the 
period was half as long again as the preceding ones; the oxygen supply 
was therefore adequate for a period of this duration, although a calcula- 
tion shows that the oxygen-pressure during the period fell from 610 mm. 
Hg to 365 mm. Another factor which greatly affects the accessibility of 
the tissue for oxygen, is the size of the piece of tissue, as has been shown 
by Krogh for skeletal muscle(i3): for this reason large masses of tissue 
were always avoided, and long thin organs, such as the guinea-pig 
uterus, or strips of intestine were found to give the best results. 

The results obtained are best exhibited in a table, and Table I gives 
such a summary of experiments with tissue from various sources, both 
in the tonic and relaxed conditions, while Exp. 3 gives further details of 
an experiment in which the state of tonus was altered by the addition 
of the drugs (bath method), and Fig. 3 shows parts of the record obtained 
in this experiment. 


Exp. 3. Eabbit uterus. 1-89 grama. 


Period 

Duration, 

mins. 

Contents of bath 

State of tone 

c.c. Oj per 
grm. per hr. 

1 

20 

Einger 

Normal 

•30 

2 

20 


99 

•29 

3 

20 

„ + -2 c.c. 1 : 5000 

Increased 

•25 

4 

20 

adrenaline • 

»> 

Normal 

•26 

5 

30 

ft 


•31 

6 

20 

„ -f^l mg. histamine 

Increased 

•23 

7 

20 

„ -t-n/10,000 NaCN 

Diminished 

•22 


Table I. c.c. oxygen per gram per minute by tissue. 
TonuB 

Tonus roducert normal Tonus increascrt 

Method 


4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 


Guinea-pig uterus 


Eabbit vagina 
»» intestine 
Guinea-pig intestine 
Cat 

(muscle only) 

Cat uterus 
Eabbit uterus 
Guinea-pig uterus 

Eabbit uterus 


•79 (atropine) 
•18 (adrenaline) 

•79 ( ) 

•29 (adrenaline) 


•46 -49 (histamine) 

•54 -57 ( „ ) 

•15 -13 ( ) 

•26 -25 (adrenaline) 

•88 -68 (pilocarpine) 

1^43 Ell (acetylcholine) 
•15 •IS (pilocarpine) 

•35 >12 (histamine) 

•29 -25 (adrenaline) 

•43 '38 (histamine) 

•36 *30 (acetylcholine) 

•29 -23 (histamine) 


Micro-respirometer 

Bath 


99 

Mioro-respirometer 

Bath 


Micro-respirometer 

Bath 


Mean -46 -39 


\ The results show that in the touiq state not more, but less oxygen 
fs consumed, than by the same tissue when in the relaxed condition. 
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The effect of the act of contraction on the muscle has not been 
specifically investigated, but there seems no doubt that it involves, or 
is followed by, an increased oxygen consumption. This, I believe, explains 
the higher o.xygen usages of the small intestine, which is in rapid rhythmic 
contraction, as compared ivith the more slowly-contracting tissue of the 
uterus (Figs. 3 and 4). Moreover, on investigating the oxygen usage of 
pieees of intestine from different parts, it is found that they are not 
equal, but show a gradation of oxygen usage corresponding approximately 
to the gradation of the rate of their rhj'thraic eontractions. This result 
(though it has its exceptions) agrees in general with the view of 
Alvarcz(ie) that the metabolic gradient of the small intestine is from 
the duodenum to the ileum. The following figures illustrate the kind of 
results which arc obtained. 

Exp. 17. Piecca of fimnll intestmo muscle from iJifTercnt parts of the cat’s bowel. 
Micro*rc3pirometcr method. 

?7o. 1 from the tiuoticnum. Oxygen usage c c. grm./hr. 

No. 2 from middle of jejunum s=’3I „ „ 

No. 3 from lower ileum. Oxygen usage ss'288 „ „ 

The effect of oxygen lack. Although it would be premature and possibly 
erroneous to suppose that the mechanism of tlie contraction of plain 
muscle is very similar to that of skeletal muscle, there can be no doubt 
that in the' absence of oxygen there is an necumulation within the tissue 
of products which ore removed to some extent by immersing the tissue 
in Finger’s solution, and to some extent by o,xidativo processes. It is 
not surprising, therefore, to find that, ns in Exp. 18, the oxygen usage 
of the tissue is enhanced by a previous period of o.xygen lack. 

Exp. 18. Largo guinea-pig uterus. 2*1 grams. Bntii method. 


Period 

Duration 

Condition 

c.c. Oj per 

1 

30 mins. 

Normal 

•11 

2 

20 „ 


•12 

3 

120 „ 

In 0,-freo Einger 

— 

4 

20 „ 

Eetumed to 0, Ringer 

•15 

5 

30 „ 

Normal 

•21 


As regards the nature of the accumulated materials thus removed 
by oxidation, and by washing, there is evidence, which will form the 
subject of a future paper, that lactic acid is at all events one of them. 

The effect of temperature. The influence of temperature on the tissue 
respiration was examined in two experiments on the guinea-pig uterus, 
and the results are given in Fig. 5. For plotting this curve, the oxygen 
usages determined in one of the experiments were adjusted, from the 
usage at 37°, which was common to both experiments, so as to be com- 
parable with the results of the other experiment. Interest attaches to 
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the temperatiire curve from two standpoints. It is seen from the figure 
that the oxygen usage increases, first slowly, then more rapidly, then 



again slowly, until a maximum is reached at about C., beyond which 
the value quickly falls off, and the tissue suffers permanent damage, as 
shown by the failure to recover when re-cooled {dotted line in figure). 
The phenomenon of heat paralysis, as I have previously shown (17) occurs 
at a temperature of 49° C. in this tissue, that is to say, at a temperature 
at which the oxygen consumption is still high, though apparently 
inadequate for the removal of the rapidly-accumulating products of 
metabolism. The general effects of temperature are similar to those seen 
on the heart (Evans ( 18 )). 

It is usual, in describing experiments on the effect of temperature on 
physiological phenomena, to discuss the relation of the results to the 
temperature coefficient of chemical reactions. Briefly, there is, as shown 
by Kroghpo), no constant relation between them, for when the values 
of the temperature coefficient are determined, they are seen to be quite 
’ inconstant. The values for were; from 16-26° C. — 2*9 ■, from 25-35° 0. 
» 2) from 35-45° C. == 1-3. This falling off in the temperature coefficient 
is what has invariably been found for other physiological processes, and 
is in no 'Way surprising in view of the fact that the oxygen usage is only 
one aspect of the chemical changes in living lassues, and is undoubtedly 
1\.TT f. piiysjcal factors, such as diffusion, viscosity, etc. 
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The effect of cyanide. In view of the fact (Evans( 20 )) thattho action 
of cyanides on plain muscle resembles that of lack of oxygen, and of 
the well-known effect of cyanides in checking the oxygen usage of tissues 
generally, I have studied the effects of small additions of sodium cyanide 
to plain muscle. The following table gives the results in five such experi- 
ments with different concentrations of cyanide. 

Table 11. 


C.C. oxygen grm,/minA 


Exp. 

Concontration of 
cyai^do 

Normal 

After oyamdo % reduction 

19 

n/300 

•40 

•33 

28 

20 

n/10.000 

•31 

•22 29 

21 

n/1800 

•13 

•005 

60 

22 

n/030 

•13 

•050 

67 

23 

n/10 

•31 

•062 

80 


fVhen these results, with the exception of the first, are plotted, a 
curve resembling a hyperbola is obtained, and it would appear that the 
effects of the more dilute cyanide solutions are relatively much greater 
than those of the more concentrated ones. A somewhat similar insensi- 
tiveness to higher concentrations of cyanide has been observed by 
Lund(2i), while Hartreo and Hill( 22 ) have also found that the delayed 
heat production of the frog’s sartorius is by no means abolished by 
cyanides. 

Taken in conjunction with the experiments of Lipschitz(23) on the 
reduction by muscle of m-dinitrobenzenc, which is also not fully inhibited 
by cyanides, these experiments suggest that there arc two kinds of 
respiratory process in plain muscle, one of which is inhibited by cyanide, 
while the other is not. The recent researches of Warburg(24) would 
suggest that the process which is inhibited by cyanide is one in which 
there is a metallic catalyst involved. 

Summary. 

1. The oxygen usage of plain muscle was determined by two methods. 

2. When in tonus the muscle uses less oxygen than when relaxed: 
this is because the surface of the fibres is reduced. The results of Parnas 
and Bethe, that no more oxygen is used, are thus confirmed. 

3. After a period of oxygen lack, the oxygen consumption is increased. 

4. Temperature increase, within physiological limits, increases the 
oxygen usage; the maximum is reached at 43°. The temperature coeffi- 
cients at different ranges of temperature are not the same, but as in 
other instances show a diminution with rise of temperature. 
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5. C5yaiiides depress, but appaxeutly do not abolish the oxygen 
usage of the tissue. 

Part of the expenses of these experiments -were defrayed ont of a grant hy the Govern- 
ment Grants Committee of the Eoyal Society. 
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DOES INSULIN INFLUENCE THE GLYCOGENIC 
FUNCTION OF THE PERFUSED LIVER OF THE 
TURTLE? By E. C. NOBLE and J. J. R. MACLEOD. 


{From the Physiological Lahoratory, (he University of Toronto.) 

The remarkable effect rvhicb insulin has in causing glycogen to be 
deposited in the liver of completely diabetic (depancreated) dogs fed 
richly on carbohydrates would seem at first sight to indieate that a part 
at least of the sugar which disappears from the blood of normal animals 
following insulin injections is also due to glycogen formation. This might 
occur either in the liver or the muscles. But such a conclusion is not 
justified in the absence of direct evidence that glycogen is formed in the 
normal animal under these conditions. There are indeed certain theoretical 
reasons for assuming that such may not be the case. Thus, in the normal 
animal there may bo available at all times a sufficient amount of insulin 
to convert into glycogen whatever glucose is not required for oxidation 
purposes so that the addition of more insulin, as by its injection, cannot 
cause any more glycogen to be deposited. Obviously, this state of affairs 
is vastly different from those obtaining in a depancreated animal in 
which glycogen formation is impossible because of the absence of insulin. 
To obtain direct evidence whether or not insulin causes increased glycogen 
formation in normal animals two types of experiments that have been 
employed are perfusion of the turtle liver with artificial plasma and 
comparison of the sugar content of the blood of the portal vein and 
vena cava in anaesthetised dogs. The present paper gives an account of 
the observations on the turtle fiver. 

Grube(l) was the first to call attention to the possibility of using the 
turtle fiver for the study of glycogen formation, because of the fact that 
its main blood supply is carried to each of its two lobes by separate 
branches of the umbilical vein. In his earlier experiments he removed 
one lobe after tying a ligature around the isthmus which joins the two 
lobes, and then perfused the remaining lobe with Ringer’s solution con- 
taining the substance whose influence on glycogen formation he desired 
to investigate. The glycogen content of the two lobes was then compared. 
This method was afterwards abandoned because the extensive glyco- 
genolysis occurring in the perfused lobe served to mask any glycogenesis 
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that miglit have taken place. The latex experiments consisted in per- 
fusing each lobe sepaiateiy and adding to the fluid on one side, the 
substance to be investigated. Under these conditions glycogenolysis 
'would presumably proceed at an equal rate in both lobes except in so 
far as it -was influenced by the added substance. Even this refinement does 
not make the method an ideal one, because, as sho-wn by Schondorff 
and Gxebe( 25 , there are normally considerable difietencesinthe glycogen 
content of the two lobes (amounting often to 32 p.c.), the left lobe usually 
containing the larger amount. Despite these sources of error there is no 
doubt that glucose can be deposited as glycogen in the turtle liver 
perfused outside the body with Einger’s solution containing glucose 
(ef. also ( 3 )) and it seemed worth while to see whether the addition of 
insulin to the perfusion fluid might accentuate the process. The negative 
character of the results obtained by this method led us to employ that 
described by Snyder, Martin and Levin(4), namely to observe the 
amount of sugar in the fluid perfused through the liver in a unit of time 
ha'ving regard also to the pH of the fluid. These authors by careful 
analysis of the efiects produced by variations in pH, -with or •without the 
presence of minimal quantities of epinephrin, have sho'wn that the sugar 
output depends mmnly upon the minute volume-flo'W through the liver. 
When this is increased, as by lowering pH (making the, solution more 
acid), two factors may act to increase the sugar output, first more of the 
liver is irrigated by the perfusion fluid so that more cells come into 
action, and second, the diastatic enzyme (glycogenase) in the cells 
becomes more active since chloride phosphate solutions augment the 
diastatic activity at low pH more than at high pH (Langfeldt). These 
authors are inclined to believe that the supposed direct influence of 
epinephrin on the glycogenolytic process is dependent upon the changes 
in minute volume-flow which it causes and the nature of which ■will vary 
■with the pH of the perfusion fluid. 

Methods. Most of the experiments in which glycogen deposition was 
observed were performed by perfusing each lobe of the liver separately 
■with the same artificial plasma after tying a mass ligature around the 
isthmus joining the t'wo lobes. To the fluid of one side, insulin "was added 
and after perfusion for several hours the glycogen in each lobe was 
determined by Pfliiger’s method. In some of the experiments only one 
lobe was perfused, the other having been removed at the start. In all 
these experiments an outflow cannula was inserted in the aorta and the 
fluid vyas perfused at constant pressure through the liver {'which was -left 
in siiu). 
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For the experiments in which the minute output of sugar was 
observed, greater precautions had to be taken. While the liver was still 
in situ the numerous small branches of the portal system r unni ng between 
the liver and the stomach and duodenum were ligated {G.V„ Fig. 1). 

In one or two of the experiments it was found that there was great 
irregularity in the perfusion of the excised liver, when the perfusion 
fluid entered only by the two umbih'cal veins. Consequently a third 
cannula was inserted in the large spermatic vein (which by its large 
size, and its effect upon the perfusion, might indeed seem to convey a 
large part of the blood to the organ) — ^see Fig. 1. By this means it was 
sought to rule out the considerable variations which were found to occur 
in the per cent, of sugar in the perfusion fluid due to some of the fluid 
from time to time finding its way into a non-irrigated portion, and carry- 
ing out with it some of the sugar produced by post-mortem glyco- 
genolysis. 



The liver was excised, with the heart attached, and placed in a large 
Buchner funnel; it was kept moist by a wet filter paper lid. Care was 
taken to prevent any disturbing of the preparation, as this, and also 
variations in the pressure of the perfusion fluid, were found to cause 
fluctuations, more or less marked, in the sugar output. Oxygen was 
continuously bubbled through the perfusion fluid. 

The perfused fluid was collected in graduates and the outflow per 
unit of time measured. In some of the experiments the fluid after the 
removal of samples for analysis was replaced in the perfusion bottle. In 
others the perfusates were not used over again. The pH was measured, 
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after dialysis, by tbe colorimetric method and the sugar, by the Shafier- 
Hartman method. Usually the liver was markedly oedematous at the 
end of the observation which lasted 4-6 hours. This made it impossible 
to determine the glycogen content with any degree of accuracy. 

Controls on the glycogen content. The glycogen content of the two lobes 
was determined: 

(a) The entire liver was removed from three turtles after stunning 
and the glycogen in each lobe determined immediately. 

Glycogen (p.c.) 


, >' , Percentile difference 

Right lobe Left lobe (greater in right J-obe) 

6G3 5-66 14-6 

7-59 6-77 10-8 

4-92 4-75 3-4 


(6) The left lobe was removed after tying a ligature around the 
isthmus and the glycogen determined immediately. The right lobe was 
perfused through the umbilical vein with artificial plasma (Locke’s 
solution) usually containing less than •! p.c. of glucose. 


Glycogen (p.c.) 

Percentile 

difference 

Duration of 
perfusion 

P.c. glucose 

Right lobe 

Left lobe 

(greater in right) 

hours 

in perfusate 

7-00 

4-50 

40-5 

6 

•038 

0-35 

5-44 

14-3 

7 

None 

3-14 

2-26 

28 

4 

Unknown 

6-75 

4-67 

18-8 

3 

•35 

3-77 

4-41 

14-5 

(greater in left) 

5 

•075 


It is seen that there was decidedly more glycogen in the right lobe in 
seven out of the eight observations. Without perfusion this difference 
varied between 3-4 and 14-6 p.c. and when the right lobe was perfused 
^vitli solution containing glucose the difference became decidedly greater 
(up to 40’5 p.c. in one case). In one observation, however, .there was less 
glycogen after perfusion. The results confirm those of Grube, Nishi, 
etc., in shoudng that glucose can cause glycogen to be formed but the 
extent to which this occurs is variable in different livers and sometimes 
instead of an increase a decrease is observed. In the unperfused liver 
we have found the larger percentage of glycogen in the right lobe. 

i effect of adding insulin to the fluid perfused through one of the lobes. 
Both lobes were perfused with Locke’s solution. The insulin used con- 
tained no preservative (trikresol) and its potency was determined by the 
rabbit test. It was faintly acid in reaction and (in numbers 1-5) equal 
portions were added to the fluid perfused through both lobes, one of 
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these portions being boiled under the mistaken impression that this would 
diminish its potency. In numbers C-10 active insulin was only added to 
one bottle. Sometimes the active insulin was perfused through the nght 
lobe, sometimes through the left. The following table gives the results, 
the side perfused wth active insulin being indicated by an asterisk 


No. 

fSIyc »gen (p.c) 

lliclit lolw I.pft IoIh* 

rercfntilc 
differcHCt. 
(rralcr 
in rbetU) 

liurathii 

of 

{>erfuHl >R, 

linura 

I’c. 

glucntc 

Ittruark* 

1 

4 71* 

4 56 

3 1 

3J 

•5 

Insulin inactive 

2 

9 21 

8 37* 

9 1 

3 

5 

„ active 

3 

7 04* 

G 13 

13 

3 

5 


4 

8 37 

8 23* 

1 G 

41 

3 

•25 

M .. 

5 

4 02* 

8 02 


25 


0 

1 53 

1 28* 

1 8 

n 

5 

, „ (skate) 

M .. i „ ) 

7 

2 72 

2 34* 

7 

7i 

5 

8 

‘97 

•02 

30 

74 

5 

.. ( .. ) 

9 

3 42 

3 20* 

0 4 

n 

1 0 

.. .. ( ,. ) 

10 

I 84* 

1*43 

22 3 

10 

2 

.. ( ., ) 


It is clear that the results are similar to those of normal livers There 
are evident fallacies involved in the method on account of the iiregular 
distribution of glycogen between the lobes Moreover, it is doubtful 
whether insulin acts with anjiihing like the same promptitude in cold 
blooded, as in warm blooded animals. Wo observed, for evample, that 
enormous quantities of insulin can be injected into the dorsal lymph sac 
of frogs without any symptoms of hypoglycmmia being produced up to 
a period of four days. Kroglus) has, however, found that hypoglycaimio 
symptoms develop later. We have also observed the effect of insulin on 
the percentage of sugar in the blood of turtles injected with insulin with 
the follomng results (in all cases the blood was removed from the heart 
through a trephine hole in the shell) : 


11.35 a m nlood from heart *030 p c glacose 

11.36 am 1 c c. actne insulin injected into 
heart 

3 55pm Blood from heart *125 p c glucose 
1154 am. Blood from heart 003 p c glucose 

1 00 p m Turtle given ether 

101 pin Blood from heart *112 „ „ 

3 35pm Blood from heart *134 » „ 

1151am Blood from heart 067 p c glucose. 
11,55 am 2 c c actuo insulin injected sub 
cutan. into leg 

2 00 p m Blood from heart 095 p o glucose 


(4) 12 10 p m Blood from hf'art 003 peg 

2 35pm Blood from heart 117 „ 

(5) 12 00 noon Blood from heart 031 p c c 
12 10pm 2cc active extrixct injcctri 

3 25 p m Blood from heart 047 peg 
5 10 p m Blood from h< art 037 

(6) 12 30 p m Blood from heart 031 p c \ 

(considerable huimorrhago) 

3 20 p m Blood from heart 086 „ 

5 15 p in Blood from heart 14J „ 


In every case a decided increase in blood sugar occurred and insulin 
did not have any perceptible influence. The increase is probably due to 
the relatively large loss of blood involved in removing 1 c.c. (the average 
weight of the turtles was 900 gms.). In some cases it was due to ether. 
Since it has been shown that insuhn can prevent the hyporglyoaemia due 
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to asphyxia and ether in rabbits, it seems reasonable to conclude that 
it does not cause a reduction in the percentage of blood sugar that is at 
all comparable with its effect on warm blooded animals. It may be for 
this reason that we have not been able to demonstrate any influence of 
insulin on the glycogen function of the turtle liver. 

The effect of insulin on the percentage of sugar in Ringer's solution 
re-perfused through the liver. In all cases the perfusion fluid contained 
MjSO-MffO phosphate solution and the pH was frequently tested during 
the perfusion. Although the reaction of all perfusates was adjusted to 
a pH of about 7-36 to start with, it was noted that they became usually 
more alkaline during the perfusion, the pH rising to 7*7 or even to over 
8 (as in Fig. 2). 



Fig. 2. Tho percentage of sngar in artificial plasma re-perfused through the liver of the 
turtle. Insulin was added to the fluid in the two experiments recorded hy tho thick 
lino curves. pH of the perfusates: I, 8-2; II, 7-2-7-7; III, 7-3-7-7; IV, 7-35-7-7, 
Ordinates, p.o. sugar. Absciss®, time in minutes. 

The results are shown in the curves of Fig. 2, in which the ordinates 
give the percentages of sugar in the perfusion fluid and the abscissae the 
time intervals after the start of the observation. In two of the experi- 
ments, viz, I and II, no insulin was added to the perfusion fluid. One 
of them (II) showed a very small increase in sugar concentration indi- 
cating that very little glycogenolysis could have been occurring. In the 
ofiiei^(I), however, the concentration increased considerably. The more 
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rapid glycogenolyeis appeared to occur in the perfusate which was the 
more alkaline. In the two other experiments of this group (HI and IV), 
insulin was added to the perfusate. In III it was added, two drops at a 
time every 10 minutes beginning 40 minutes after the start of the observa- 
tion, and it will be observed that it did not alter the average rate at whieh 
the concentration of sugar rose in the perfusion fluid. Since the perfusion 
fluid in this experiment contained -02 p.c. sugar at the beginning and 
•112 p.c. at the end of the perfusion, it is clear that considerable glyco- 
genolysis was occurring, the rate of which insulin apparently did not 
affect. A part of the increasing percentage of sugar in the perfusate is 
to be accounted for by reduction in volume, due to the removal of 
samples for analysis. If we allow for this there may be a slight falling 
off in the rate of glycogenolysis during the insulin period, but it is 
insignificant. In the other experiment of this group (IV) the insulin, 
after adjusting its pH to that of the perfusate, was added (2 c.c.) between 
50 and GO mins, after the start, as indicated by the arrow. After a 
temporary decrease due in part to the dilution, the increase in sugar 
concentration proceeded at the same average rate, with the exception of 
one estimation (at 110 mins.).. 

These experiments indicate that insulin has no influence in dimin- 
ishing the rate of post-mortem glycogenolysis naturally occurring in the 
perfused turtle liver. 

The effect of insulin on the sugar output in equal periods of time when 
Ringer’s solution is perfused once through the liver. The liver was removed 
from the body, after inserting the necessary cannultc and the perfusate 
collected during each 10 minutes was measured and the amount of sugar 
determined. The results are given in Fig. 3, in which the ordinates are 
obtained by adding the amounts of glucose appearing in the perfusates 
collected during each lO-minute period. The perfusate in all experiments 
contained a sufficient amount of a mixture of phosphates to hold the 
H-ion concentration fairly constant. The rate of perfusion was kept as 
imiform as possible for it was found that any increase in this caused 
more sugar to appear in the perfusate. The average perfusion rate in c.c. 
per 10 mins, is indicated in the curves by the figures marked P.R. Three 
such experiments (6, 7 and 8) were done without adding insulin to the 
perfusate and three (2, 4 and 5) in which it was added in various amounts. 

In the three experiments with insulin several 10-minute portions of 
perfusate were collected prior to adding insuhn and the normal rate of 
sugar output for that liver determined. It will be seen that this was 
similar in two of the experiments (3 and 4) and decidedly less in the other 
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(5) and that it bore no relation to the perfusion rate. The pH of 2 was 
7-3 and of 5, 7-0, and in both. __ 


cases this remained constant 
throughout the experiment. 
The pH of 4 was 7-4 to start, 
but it varied somewhat dur- 
ing the observation, falling 
at one stage to 7- 15. Varying 
quantities of insulin were 
used: in 2, 8 c.c. of an active 
preparation in 75 c.c. of 
perfusate added between 30 
and 80 minutes ; in 4, 1-5 c.c. 
were added to 200 c.c. per- 
fusate between 30 and 90 
minutes; and in o, 2-5 c.c. 
were added to 200 c.c. be- 
tween 30 and 100 minutes. 

It will be seen that these 
varying concentrations of 
insulin in the perfusate did 
not influence the rate of 
sugar output from the liver, 
neither immediately nor 
after a period of 90 minutes. 
The conclusion is that the 
rate of post-mortem glyco- 
genolysis in e.vcised turtle 
liver is not influenced by 
the presence of varying con- 
centrations of insulin at 
ranges of pH between 7-0 
and 7-4. 



Fig. 3. The percentage of sugar in artificial plasma 
perfused once through the liver of the turtle. The 
curves show the amounts of sugar found in the 
fluid collected during each 10-minute period of 
perfusion, the amoimt for each period being super- 
added. jjH of the perfusates: VI, 7-1-7-2; VII, 
7-1-7-2; VIII, 7-3-7-4; n, 7-3; IV, 7-15-7-6; V, 
6-9-7-15. Ordinates, p.c. sugar. Absciss®, time 
in minutes. P.R. indicates the rate of perfusion 
in C.C. per 10 minutes. Insulin was added to the 
perfusion fluid during the periods indicated by 
the thick line curves. 
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THE RATE OF RECOVERY OF NERVES IN ASPHYXIA. 
By SYBIL COOPEK, Yarrow Student of Girton College, Cambridge. 

{From the Physiological Laboratory, Cambridge.) 

Work on the behaviour of nerves in asphyxia was carried out by 
Verworn and his co-workers at the beginning of the present century; 
he argued that since nerve cells and other limng substance were fatigued 
in absence of oxygen, there wds good reason to suppose that nerves 
behaved in a similar way. Von Baeyer(i) found on exposing a stretch 
of frog’s sciatic nerve to nitrogen or hydrogen and stimulating electrically 
either on the stretch or central to it, that the nerve eeased to be excitable 
in 3-5 hours; on replacing the asphyxiating gas by air, there was very 
rapid recovery in 3-10 minutes. Fillidp) repeated these experiments, 
using oxygen free saline solution, and obtained the same results. He 
worked out the minimum value of oxygen necessary to maintain con- 
duction and found this to be between -1 and -3 mg. oxygen per litre, or 
about -03 p.c. by volume. Further work was carried out by Fro lich(3)(4), 
he postulated a region of decrement in the stretch of nerve asphyxiated, 
this was shown by a reduction of the propagation velocity of the impulse. 
He attempted to cxjilain the mechanism whereby the nerve uses the 
oxygen and stated that asphy.xia hindered the assimilation of o.xygen and 
that the nerve contained a reserve store which it could only call upon if 
the pressure conditions were correct. Normally the oxygen maintained 
the excitability constant and delayed the appearance of asphyxia. He 
also studied the effect of the condition of the frog at the time of the 
experiment and stated that this affected the results both during and in 
the recovery after asphyxia. 

At this time the excitability was expressed by the value for the 
threshold of the electrical stimtdus on the asphyxiated stretch, and the 
conductivity was measured by the somewhat crude method of noticing 
if there was any muscular contraction on stimulating the nerve central to 
the asphyxiated part. Experiments showed that during asphyxia there 
was a gradual fall of excitability, and a sudden fall of conductivity just 
before the impulses failed to get through to the muscle. In order to 
obtain a more detailed account of the happenings in the nerve, 
Frohlich(5) studied the change of refractory period. He sent in a series 
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of faradic stimuli at a kno-wn period and found at -what period tKe 
muscle ceased to respond "with, a complete tetanus. He maintains that in 
asphyxia the value for the refractory period rises from the normal value 
of ‘OOS" to over •!" and from this he concludes that the nerve is unable 
to recover at the same rate as before. The only other record of a nerve 
having a very long refractory period is in the case of the application of 
yohimbine investigated by Tait and Gunn (6); they found an absolute 
refractory period rising to -04 and a total period of 2-2 secs. It seems 
very probable in this case that the effect is specific in nature, and with 
such a long refractory period it is reasonable to suppose that the rate of 
recovery is also affected. 

Lucas (7) studied the effect of alcohol on the rate of recovery of a 
nerve and incidentally elucidated several important facts concerning the 
behaviour of the nerve in narcosis. He showed clearly the distinction 
between the decrement in the nerve involving impaired conduction, and 
the recovery of the, nerve after the impulse had passed. And with the 
help of some of Adrian’s(8) work he makes it quite clear that the normal 
recovery of a nerve is expressed by the curve relating the interval for 
muscular summation to the strength of the second stimulus, the curve 
AB of ffig. 1. And that when the nerve is subjected to the action of a 



narcotic the curve takes the form OB in which the vertical part C is an 
expression of the decrement in the nerve, and B is still part of the 
-- '■'rinal recovery curve and expressed the rate of recovery. By taking 
^''**iHtMMsurements of the least interval for muscular summation 
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during the passago of alcohol using n second stimulus of eight times the 
strength, i.e. determining n point on the steady part of the curve where 
the least interval does not decrease for an increase of the second stimulus, 
he is able to follow tlio onset and course of the decrement; the interval 
shows a gradual increase, whereas the “recovery time,’’ the interval for 
muscular summation using a second stimulus of twice the threshold 
strength, remains steady until it is equalled by the least interval. From 
this, and other confirmatory experiments, he concludes that the con- 
duction in a nerve and the rate of rccovcrj' are quite separate processes 
and that the latter is unaffected by narcosis. Since narcosis and asphyxia 
have been shown to have many siinilarities in their action on nerves, it 
seemed very possible that the unaltered rate of recovery would be found 
on asphyxiating a nerve with an inactive gas. 

The experiments were carried out on the sciatic-gastrocnemius pre- 
paration of a frog, and an ebonite muscle nerve trough was used (Fig. 2). 



The muscle was placed in Einger solution in the chamber A with its free 
end attached to a writing lever and the ner \’0 passing back through a 
slot B, plugged with vasehne, into the nerve chamber where it passed 
over a pair of platinum electrodes E about 2-4 cms. from the slot. The 
nerve chamber had an inlet tube 0 and an exit tube D and it could bo 
closed by a glass plate sealed on the top with vaseline. It was found 
advisable to have some blotting paper soaked in Einger solution on the 
floor of the nerve chamber and also a small damp wad of cotton wool 
placed loosely in the opening of the inlet tube. At one time a second pair 
of electrodes were placed at about 4 mm. from the slot B, but these had 
to be abandoned as there was invariably current spread. The inlet tube 
could be connected with cither a Mariotte bottle forcing damp air through 
the chamber or else TOth the source of hydrogen gas used for asphyxiating; 
the exit tube led to a wash bottle containing water, this served to prevent 
the entrance of air, and also on comparing the number of bubbles of gas 
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passing through a wash bottle just before entering the chamber with 
those issuing through this final bottle, it was possible to see whether the 
chamber had any appreciable leak. The hydrogen was obtained from a 
cylinder provided with a fine adjustment release cock so that the stream 
could be regulated. It passed through two absorption tubes containing 
alkaline pyrogallol and then through a wash bottle containing water; the 
resulting gas proved on analysis to contain about *025 p.c. oxygen, an 
amount just lower than the one postulated by Fillie. The stimuli were 
break shocks from two coreless induction coils, the first coil was adjusted 
by moving the secondary coil relative to the primary, and the second 
had an adjustable resistance box in the primary circuit. The primaries of 
both circuits were opened by a spring contact breaker with two adjustable 
keys which could be set so that one was opened at a known time interval 
after the other. 

When the preparation was set up, a slow current of air was allowed 
to flow until the threshold, the least interval for muscular summation 
and the recovery time w'ere steady. This usually took about an hour an 
a half, and the values reached by that time were found in a control 
experiment to be maintained for five hours or more. Before turning on 
the hydrogen a recovery curve was plotted, for this is a good record of 
the state of the nerve. The air was then turned off and a current of 
hydrogen started ; a stream of about 30 bubbles a minute was used. The 
nerves maintained their excitability and power of conduction in hydrogen 
for a period varying from three to five hours, agreeing in this detail with 
the results of von Baeyer and others. But during this time the least 
interval for muscular summation increased showing the onset of con- 
duction with a decrement. Fig. 3 shows a typical set of results. 

The upper curve shows the alteration of the threshold as the per- 
centage of the normal value, the curve remains steady or rises slowly 
during the early stages of asphyxia, then there is often a sharp rise just 
before the excitability fails completely. The lowest curve shows the course 
of the least interval for muscular summation, this too remains steady for 
some time, then on the rise of the threshold it also begins to increase in 
value as the decrement becomes more pronounced. This rise may occur 
before or after the rise of the threshold, the experiments showed no 
majority one way or the other. The sharp final rise usually took about 
an hour, at the end of this time the nerve was no longer excitable and 
the least intenml bad risen to a mean value of about •012 sec. a value 
comparable with the length of the total refractory period and in no-wise 
suggesting the value of •! sec. put forward by Frohlich as the limit 
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reached. The middle curve ehowa the recovery time of the nerve, the 
values found remained approximately the same throughout the course 



of the experiment until the value for the least interval equalled them. 
Sometimes the recover}' time showed slight fluctuations in value when 
the least interval was beginning to rise, but these were never very groat 
and can possibly Be explained by the experimental difficulty of obtaining 
an accurate value for the threshold; w'hcn the latter is increasing rapidly 
the strength of the second stimulus might be less than twice the threshold 
and the value for the recovery time would be slightly too large. 

Expt. Asphyxia time Limits of recovery time % rise Limits of least int. % rise 


fill Om 

•0000 to '0079 

120 

■oosn to 0121 

310 

3 

0 

•0078 

'00S8 

113 

•001 

•0133 

330 

4 

CO 

•0001 

'0065 

100 

•0030 

•0123 

287 

3 

0 

•0073 


100 

•0019 

•0121 

220 

3 

so 

•007 

'008 

lU 

•0033 

■OH 

400 


In the table the percentage rise of the recovery time shows an average 
value of HO whereas the least interval for muscular summation rises to 
about 320 p.c. of its resting value, these figures are in no-wise comparable 
with each other and one may conclude that the recovery time is 
unaltered. 

After the asphyxia it is of interest to note that the nerve did not 




48 


S. COOPER. 


and conductivity; but it needs it to oxidise tbe break down products 
formed during the passage of the impulse, so that the next impulse may 
find an adequate local supply of energy for its transmission. 

I am indebted to Mr J. B. S. Haldane for the analysis of the 
hydrogen, and I wish to thank Dr E. D, Adrian for his kindly criticism 
and advice throughout the work. 
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The general conclusions arrived at in Part I(i) were tliat antidromic 
nerve impulses cause dilatation of the capillaries of the foot of the cat but 
not of the arteries from the iliac artery down to the branches given off 
by the digital arteries, and probably that antidromic impulses do not 
directly cause dilatation in the final arterial branches. It seemed that 
further light on the subject might be obtained by .stimulating the several 
peripheral nerves. 

It was found that stimulating the posterior roots of the 7th lumbar 
nerve after section of one of the branches of the plantar nerves, commonly 
caused pallor in the area which did not flush. Since stimulation of a 
plantar nerve branch caused similar pallor in the non-flushing region, 
experiments on the peripheral nerves afford a convenient method of 
determining the cause of the pallor. 

Prom these points of view the c.xperiments recorded in this Paper 
were undertaken. The cats were anmsthotiscd in the manner described 
in Part I and lay unbound on a warmed table. 

I. The effects •produced by stimulating the peripheral nerves. 

The superficial branches of the plantar nerves were stimulated a 
little proximally of the pad. The anatomical course of these nerves has 
been described in Part I. It may be recalled that they are sensory only 
and that the branches are distributed as in Table I. 

Tabcc I. 

Internal plantar Sledi.al branch to medial aide of 2nd toe 

„ ~ ■ ■ ' ..... 

External plantar 

„ Lateral branch to lateral side of Sth toe 

t. 
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We may give first the effect on secretion of sweat, since this is usually 
the most local Each branch causes secretion in the anatomical area 
just given. When it runs to one side only of a toe, the secretion is never 
on the whole surface of the cushion. Sometimes it is strictly confined to 
one longitudinal half, but not infrequently a few drops occur 0-5 to 1 mm. 
over the mid line, and naore frequently in the proximal part and the tip 
than in the mid region. Similar unilateral secietion occurs on stimulating 
each plantar digital nerve. In some cats, as is known, secretion is scanty. 
In these, secretion occurs either in part of the longitudinal half of the 
cushion, or in the whole of it only after repeated stimulation. Thus there 
is hut a trifling overlap in the peripheral distribution of the secretory fibres 
of the plantar digital nerves, and as secretory activity decreases no overlap 
is observable. The overlap of secretion from side pad to mid pad and 
from mid pad to side pad varies but is not more than 2 mm. 

The effect on the colour of the foot of the vaso-constrictor fibres of 
the superficial plantar nerves is usually overpowered by antidromic 
vaso-dilator impulses. The first stimulation may cause either pallor or 
flushing, and usually a weak first stimulation — one just felt on the tongue 
— causes pallor, and a strong stimulus causes flushing. If pallor is caused 
by the first strong stimulation it gives way to flushing as the stimulus 
is kept on, and after a few repetitions of the stimulus there is flushing 
only. Occasionally there is pallor in one part of the area anatomically 
supplied by the nerve branch and flushing in another part, but in all cases 
obvious flusliing, and in most cases great flushing, is obtained either with 
the first or ^vith later stimulations. 

Whilst stimulating any one of the superficial plantar nerve branches 
will at some time or other cause flushing in the area of distribution of 
the branch as given in Table I, the flushing may be more extensive in 
the cushion of the toe than the distribution there given, and it may even 
occur on the whole of it, although the nerve can only be traced to one 
side. Similarly on stimulating any one plantar digital nerve, the flushing 
may be fairly strictly homolateral in the cushion, or spread to a part or 
the whole of the opposite side. The chief condition affecting the outspread 
from one side to the other has been mentioned in Part I, viz. previous 
antidromic vaso-dilation on the opposite side, i.e. the state of tone of 
ti^ vessels at the extreme periphery. The effect is readily seen by succes- 
sive stimulation of the several plantar branches. Thus if the superficial 
external plantar nerve is stimulated, the flushing on the 4th toe is usually 
on the, lateral side only, but if it is stimulated some minutes after stimu- 
lation ^the internal plantar (or of its lateral "branch) the flushing spreads 
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more or less into the medial side of the 4th toe and may include the whole 
of it. 

Variation of tone of peripheral vessels does not however account for 
another variation in the degree of outepread of flushing from one side of 
a cushion to the opposite side. We have seen in Part I that each toe is 
supplied with a digital artery which runs along one side of a toe and 
crosses under the tendon of the flexor brevis to supply the opposite side. 
We may then speak of one side as the proximal artery side, and the other 
as the distal artery side. The two sides are innervated by the superficial 
plantar nerves as in Table II. 

Tam.r II. 


Distal artery’ sido of 2nd 

Proximal „ 

2nd 

Distal „ 

„ 3rd 

Proximal „ 

.. 3rd 

Proximal „ 

4tb 

Distal ,, 

» 4 th 

Proximal „ 

», 5th 

Distal ,, 

» 5th 


Int. pt. medial branch 
„ central „ 

„ lateral „ 

Ext pi. medial „ 

„ lateral „ 


When no plantar nerve has been stimulated, the usual effect of 
stimulating a branch which supplies the distal artery side of a toe is to 
cause flushing of the cushion fairly strictly confined to that side, and 
stimulating a branch which supplies the proximal artery side is to cause 
flushing spreading over the mid line chiefly at the proximal part and tip, 
but not extending to the whole of the opposite side. The part which does 
not flush as seen from the plantar surface is roughly an oval area (op. 
Pig 1 B) and this becomes paler. It will be convenient to speak of this 
pale area as the “ oval ” area, though it is not usually curved on the dorsal 
surface. 

After other nerves have been stimulated there is a variable degree of 
outspread not only from one side to the other, but in different parts of 
the cushion, and as I have said the whole of the cushion may flush when 
the nerve on either side is stimulated. 

The customary greater outspread of flushing from proximal artery 
side to distal artery side cannot be due to dilatation of the proximal artery 
since the whole of the distal artery side does not flush. It might be due 
to a few nerve fibres from the proximal artery side nrossing with the 
artery to the opposite side but I have not been able to trace such fibres, 
and if there were such, one would expect the middle of the opposite side 
to flush as much as the ends. In some oases, nerve stimulation on the 
proximal artery side causes secretion farther over the mid line in the area 
which flushes than does stimulation of nerve on the distal artery side, 

4—2 
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suggesting a greater crossing of nerve fibres in the cusbion itseK, but 
I have not found this constant, and the chief causes of the greater out- 
spread from flushing we are considering is I think the position of the 
veins. 

In each cushion a small vein (efferent vein) can be seen starting 
-I to o way from the tip, generally a little on the side of the distal artery. 
Its cour'^e is not along the mid line of the cushion, but to the side of the 
digit which has the distal part of the artery as in Kg. lA. Leaving the 
cushion it joins a plantar venous neWork. 



Fig 1 

Fig. 1. A. Course of the plantar efferent vein from the dermal venous network in the 
several toes. 

B. i Common e.xtont of flusliing (shaded) from proximal arterj’ side to distal artery 
side. ii. E.xtent occurring less commonly. 

C. To illustrate a relatively greater decrease of blood on the opposite side to that 
which flushes, u hen the flushing is on the distal arterj' side than when it is on the 
proximal artery side (op. p. 55). 

On stimulating the nerve supplying the proximal artery side the 
flushing can as a rule be .seen to be bounded by the vein as far as the vein 
is visible (cp. Fig. 1 B). Obviously if there were a network of capillaries 
or veins under the epidermis, flushing on the proximal artery side would 
cause increase of pressure in the network up to the efferent vein and the 
greater outspread of flushing from the proximal artery side to the distal 
than from the distal to the proximal would be accounted for. In order 
to determine whether a network of capillaries or veins exists, I had 
injections made by my laboratory assistant Sir Freeman. Fig. 2 a 
is a yihotograph of an oblique section through the epidermis and derma, 
so that the vessels in the derma have approximately the appearance 
thel’ have in sections parallel with the surface. The capillaries of the 
papilla; end in a loop and there is only a slight capillary connexion 
beneath the epidermis. In the derma there is a close network of small 
vcin\5vhich receive blood on the one hand from the papillae and on the 
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other hand from the superficial part of the subcutaneous tissue of fat 
with sweat glands. In tlie fat lobules there is a very close network of 
capillaries, smaller than those of the papilte (Fig, 2 6). In specimens 
injected with nitrate of silver and stained with hiematoxylin I have not 



Fig. 2. (o) Oblique eeclion of lower part of cpidermie and of the derma, allowing dermal 
venous network and capdianes of papdlm (&) Two lobules of fat inth sweat glands 
showing close network of capillaries, the superficial veins from these jom the dermal 
venous network m the upper part of tbo figure. Magnification shoivn by the lines 
10 p apart. 

found any indications of either a muscular coat in the venous plexus 
or of valves. The arrangement is essentially the same as that which 
has been described by SpaIteholz(2) in the human skin. The existence 
of a dermal venous network with an asymmetric efferent vein accounts 
for the outspread of flushing being ordinarily greater from proximal 
artery to distal side, than in the contrary direction. Further, the more 
the tone of the vessels on the non-stimulated side is lessened the farther 
naturally the flushing will spread across, and so unilateral stimulation 
will cause bilateral flushing. But this I think imphes that antidromic 
nerve impulses cause loss of tone m the dermal venous plexus as well as 
in the capillaries. 

The histological results make it practically certain that antidromic 
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flushing in the foot is largely due to increased blood in the venous net- 
"work. And this conclusion is in harmony with the prompt flushing 
produced by increased venous pressure and also with the slight flushing 
which (so far as I have found) occurs in the skin of the leg. In this the 
dermal venous plexus and the subcutaneous fat are comparatively little 
developed. Further, it is doubtful whether the degree of flushing which 
occurs can be accounted for by dilatation of the papillary capillaries 
plus the distension of the venous network it causes. It would seem that 
in the antidromic flushing of the foot there must also be either dilatation 
(loss of tone) of the venous network or distension of them by blood 
flowing from dilated capillaries of the subcutaneous tissue. In other 
Words, that the antidromic vaso-dilation is not confined to the sldn 
capillaries and I show in another paper that the sympathetic nerves can 
cause flushing in the foot by setting free metabolites in the sweat glands; 
thus on stimulating the plantar nerves the secretion has to be taken into 
accoimt. Flushing and visible secretion are, however, independent 
changes. It is common to obtain flushing -without secretion, and flushing 
is obtained, though it is usually lessened, after intravenous injection of 
10-20 mgm. of atropine sulphate. Free secretion -with slight flushing 
sometimes occurs towards the end of an experiment. 

Cold causing local arterial contraction when combined with lower 
blood-pressure or -with much loss of blood greatly reduces the efiect of 
stimulating the plantar nerves. But flushing when established is 
apparently very little afiected by cold, for in one experiment in which 
the posterior roots of the 7th lumbar nerve caused a brilliant flush, there 
was very little change on packing it round -with ice though possibly the 
flush was a trace bluer. Dale and Richards(3) have pointed out that 
cold causes capillary congestion with arterial contraction. 

Flushing in one part of the foot produced by stimulating a plantar 
nerve branch is accompanied normally by pallor in the rest of the foot, 
and the pallor is usually greater than that produced by stimulating the 
posterior roots of the 7th lumbar nerve after section of one of the plantar 
branches (cp. Part I). The pallor which occurs on the side of a toe 
opposite to a stimulated digital nerve has already been referred to. There 
are some other points -fco notice. 

' The degree of pallor varies greatly. In the course of an experiment 
the'non-flushing toes may become dead white or there may be no certain 
■ change of tint. It is roughlyproportional to the degree and area of flushing. 
Thus it is generally greater on stimulating the nerve branch which causes 
flushing bf the mid pad than on stimulating either of the branches which 
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cause llusliing of a side pad, and each of these causes more pallor than the 
branches which run to one side of a digit only. 

On stimulating the digital nerve of one side, the pallor on the opposite 
side is generally greater when aecompanj-ing flushing of the distal artery 
side than when accompanying flushing of the proximal artery side. 
Taking the circulation from the point where the digital artery crosses 
to the opposite side of the toe (Kg. 1 C), dilatation on the distal artery side 
wilt take more blood from the branch to the cushion of the toe on the 
proximal artery side than dilatation on the proximal artery side will take 
from the branch to the cushion of the toe on the distal artery side. The 
nerve which causes flushing of the mid pad (cp. Table I) is the lateral 
branch of the internal plantar. Stimulation of tliis branch usually causes 
great pallor in the side pads, good pallor in the 2nd and 5th toes and 
appreciably less pallor in the “oval” areas of the 3rd and 4th toes. 

In tho 2ntl and £th toca the pallor begins and may be nearly con6ncd to the sides facing 
the mid line of the foot, indicating that the othcraidca receive some blood from the gaphenotis 
arteries. Further, the 2nd too not infrequently becomes paler than tho 5th. Ligature of 
the digital artery and nerves of the 3rd or 4th too does not prevent some blood passing to 
the cushion, for stimulation of tho lateral plantar will then cause pallor m it. 

The evidence that the pallor is a passive result of the flushing will 
be given in § 2, but a curious result indicating this may be mentioned 
here. Sometimes when the nerve on the proximal artery side is stimu- 
lated there is first flushing spreading over the mid hne and leaving only 
an “oval” pale area, then there is free secretion on approximately the 
half of the cushion of the toe, and as this occurs the pale area on the 
opposite side becomes larger. This suggests that the fluid removed from 
the deep capillaries in secretion reduces the blood-pressure in the dermal 
venous network and that this reduction affects the vessels of the opposite 
side because they are passively dilated, but is insufiicient to affect those 
of the same side which are dilated by antidromic action. 

T/ie deep external plantar nerve supplies the plantar muscles. As I 
have said (Part I, p. 433), its connexions with the superficial plantar 
nerves, and so with the pad and toes, are variable, and it commonly 
sends them no fibres visible on dissection. I mentioned one case in which 
it sent an obvious strand to the 4th digital nerve. In this case it caused 
free secretion, sometimes accompanied by pallor and sometimes by 
flushing in the half of the toe supplied by the digital nerve. In another 
case it caused moderate secretion also accompanied either by pallor or 
flushing in the medial half of the 6th toe. In the eight experiments made, 
it always caused distinct, and sometimes great, pallor in the medial part 
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of the foot and less pallor, and sometimes a doubtful pallor, in the lateral 
part of the foot. Usually the inner side pad and the 2nd toe were most 
affected. 

Apart from these changes, the areas afltected varied in different experiments and with 
successive stimuli. Sometimes the 3rd toe was markedly paler and not infrequently the 
anterior part of the mid pad, and posterior part of the cushions of the 3rd and 4th toes 
became paler than the rest of these regions. 

If the stimulation is prolonged for a minute or more, the paler parts 
may recover some tint, and after the end of the stimulation there is 
generally more or less flushing of the whole foot. When flushing is pro- 
duced in a part of the foot by stimulating a superficial plantar nerve, 
tbe flushed part pales much more slowly than the rest on stimulating the 
deep external plantar. Thus with decreased capillary tone, a considerable 
decrease of local blood-pressure has relatively slight effect on capillary 
diameter. In most of the experiments the motor nerves were not paralysed 
and a primary immediate pallor was caused by the contraction; except, 
however, for the prompt pallor, the results were the same when the cat 
was decerebrated and curarised. 

Some pallor may be caused in a toe after section of its digital nerves, 
so that part of the pallor is probably due to the contraction of the deep 
metatarsal arteries. A part seems also to be due to dilatation of muscle 
vessels, but so far I have only made preliminary experiments on the 
question of antidromic action on muscle. 

A point which deserves further investigation is that in the three 
experiments in winch the deep external plantar was stimulated after 
giving ergotoxine there was no reversal of the effect on the foot. The effect 
was to abolish or nearly abolish the action of the nerve. The nerve still 
appeared to cause slight paling, but this was not quite certain and when 
one or two of the toes were made to flush by stimulating a superficial 
plantar nerve, the deep external plantar did not cause these to become 
pale. In one experiment, 20 mgms. of ergotoxine were injected into the 
jugular vein, and the effect was little if at all greater than with 3-5 mgms. 
Five mgms. (probably less) are sufficient to reverse the action of the 
sympathetic on the foot (cp. p. 60) so that the whole of the effect of the 
deep external plantar was in the metatarsal region. The results suggest 
that either there is no reversal in small arterial trunks, or that the 
effect of the reversal is counteracted by dilatation in the vessels of the 
muscles. 

'‘V 

The''^K7^^er^or tibial nerve, as the deep external plantar, causes pallor; 
itvs effec\is greatest on the 2nd toe, somewhat less on the 3rd and still 
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less on the 4th and Sth. I have found it to cause secretion in the medial 
half of the 2nd too, possibly mth more experiments slight secretion would 
be found over a more extensive area. 

The dorsal nerve of the foot, i.e. the superficial peroneal and such 
filaments of the internal saphenous nerve as may run to it, usually has 
less decided and more variable effects. AVhen first stimulated it usually 
causes slight pallor followed by slight flush, or pallor in the tips of the 
toes and in patches elsewhere on the pad and toes. After several stimula- 
tions, and sometimes on the first stimulation, it causes partial flushing 
or general flushing of varying degree, similar effects can be seen in the 
dorsal skin of the digits. On stimulating it I have observed slight secretion 
in the 3rd, 4th and Sth toes, and in a small part of the mid pud. The part 
which secretes most is not constant and secretion may occur in some parts 
only of the toes as in one-half, or in the middle. Repeated stimulation 
is required to determine the maximum area of secretion. 

The internal and external saphenous nerves I have only stimulated 
in two experiments. In neither was there any distinct effect on the 
plantar surface though the internal saphenous nerve appeared to cause 
trifling pallor in the inner toes. 

The posterior tibial and peroneal nerves. Except in two e.xperiments, 
the motor nerves were not paralysed, so that the contraction caused 
immediate pallor. The results were however the same, apart from 
immediately pallor and less after-flush in two experiments in which the 
animals were decerebrated and eurarised. 

The posterior tibial nerve when first stimulated causes usually marked 
pallor of the pad and toes lasting 30 to 60 seconds and free secretion. The 
pallor then lessens and gives way to great reddening. If the stimulus 
is discontinued at the end of 30 to 60 seconds, reddening sets in almost 
at once. The flushing gradually lessens but often lasts a quarter of an 
hour. When the stimulus is repeated a number of times, the primary 
pallor decreases, and after a variable number of stimuli there is no pallor 
but a slow flush, very distinct but usually less than the late flush pro- 
duced by the early stimuli. 

The peroneal nerve causes pallor followed by flushing in the dorsal 
skin of the digital region. On the plantar surface it causes a variable 
degree of pallor. In a considerable number of cases the effect was slight 
and confined to the tips of the toes and to patches on the rest of the toes 
and the pad. In these the nerve was not stimulated at the beginning of 
the experiment and it is probable that the maximal effect was not 
obtained. Secretion was never obtained on the whole secretory surface. 
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but not infrequently there was a trifling secretion in isolated patches 
on one or more of the toes and on the pad. There was variable degree of 
after-flushing. 

2. The cause of the ‘pallor accompanying antidromic flushing. 

I have 80 far assumed that the pallor in one part of the foot wliich 
accompanies antidromic flushing in, another part is a passive pallor. 
This was not my first impression, for the degree of the pallor sometimes 
occurring strongly suggested reflex arterial contraction. Experiment, 
however, showed that pallor occurred when no reflex action was possible. 

The most striking instance of pallor accompanying flushing is that 
produced by stimulating the superficial lateral internal plantar nerve 
a little proximally of the pad. This, besides causing intense pallor of the 
side pads (the most constant efifect), commonly causes great pallor of the 
2nd toe and as great or nearly an great pallor of the 5th toe. There is no 
detectable nervous connection between the stimulated nerve and the 
2nd and 5th toes, so that there is no anatomical basis for supposing that 
it sends vaso-constrictor fibres to these digits, and as both its secretory 
and its antidromic fibres have a local action it is most rmlikely that its 
vaso-constrictor fibres have a wide distribution. 

Krogh (4) has recently supported the hypothesis that the nerve fibres 
form terminal networks — separate netw'orks being formed by vaso- 
constrictor and afferent nerve fibres^ — and that stimulation of a small 
region at the periphery may cause either vaso-constriction or vaso- 
dilation in adjoining regions. The chief argument for this appears to 
be that a crystal of nitrate of silver placed on the web between two toes 
of a frog was found by Krogh, Harrup and Rchbcrg(5) sometimes to 
cause dilatation in the web of the adjoining toes. A crystal would for 
some time form a nearly saturated solution and in view of the close 
network of vessels in the frog’s foot, a more reasonable explanation is, 
I think, that the solution passed either by the network or by diflusion 
from the veins in sufficient concentration to affect directly the vessels. 
Some time ago{C) I gave reasons for considering that peripheral sympa- 
thetic nerve networks if they occur at all can only be of very limited 
extent^. W a network existed and stimulation of a part of it caused 
impulses to\ spread to other regions, impulses would also spread out, and 
almost certainly spread farther, on Btimhlatin!- of v branches 

\ l . i 

* The overlapping of fibres of adjoining nerve roote^ s ' This 

is dno to plesun formation either in the nervo trunks’^ ’ I 

bmnehea ns with the afferent fibres of the slda of the \ ' 
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nmning to and helping to form the nchvork. Thus the overlap of the 
areas ofEeotcd by adjoining peripheral branches would be great. In fact 
the overlapping of the efleot of adjoining nerve branches is very small. 
I mentioned this in connexion with the innervation of the iris, the blood- 
vessels of the trunk and the hairs of the cat. It is somewhat greater in 
the stomach and intestine but is not extensive. It is small in the sldn 
of the frog. We have seen in this paper how little overlapping there is 
in the secretory and vaso-dilator effect of adjoining digital nerves. The 
results do not show that small areas of networks do not exist, but they 
show that they must be extremely limited, and a slight outspread of 
stimulus on local peripheral nerve stimulation almost certainly occurs 
from axon reflexes, since the nerves divide at the periphery. It is then 
most improbable that the pallor which occurs in one part of the foot 
when another part flushes is due to the local dilatation of the vessels 
stimulating a part of a vaso-constrictor nerve network and so producing 
pallor elsewhere. I made, however, some direct experiments. (1) The 
rveb between the 2nd and 3rd toes was cut for two-thirds of the distance^ 
from the free edge, the sciatic and internal saphenous nerves cut, and 
the lateral internal plantar branch stimulated. The stimulation still 
caused pallor of the 2nd toe. (2) 1 p.c. novocaine was injected into the 
lateral side of the 2nd toe; this abolished all secretory and antidromic 
effect on this toe (cp. p. 62). Stimulation of the laterol internal plantar 
nerve still caused paling of the 2nd toe with flushing in the usual regions. 
The change of tint in this form of experiment is however not very great 
since novocaine causes pallor in the injected region. Experiments were 
also made with ergotoxinc which ^vill.bo referred to later. 

Section of the posterior roots of the lower lumbar and sacral nerves 
does not prevent the pallor, so that it is not a reflex from the central 
nervous system. 

The pallor of the 2nd toe on stimulating the lateral interna) plantar nerve is not pre- 
vented by section of its dorsal digital nervcs» all the superficial plantar, the deep external 
plantar, the internal saphenous and the sciatic nerves. 

If the pallor were on axon reflex it should be produced by electrical 
stimulation of the central ends of the nerves of the flushing region. But 
I have not found, after section of the sciatic and internal saphenous 
nerves, any certain pallor in the 2nd and 6th toes on stimulating the 
central ends of the plantar or dorsal digital nerves of the 3rd toe, or the 
central end of the artery supplying it. 

Lastly I have made some experiments on the effect of injecting ergo- 

* Section further than this cut the main vein of the digit. 
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toxine. As is well known Dale (7) has shown that ergotoxine paralyses 
vaso-constrictor fibres in the cat; he mentions an experiment in which 
after 5 mgms. of “comutine,” stimulation of the lumbar sympathetic, 
which previously caused marked pallor, caused slight but distinct 
fiushing. 

The results were quite decisive. Ergotoxine increases both the 
fiushing and the pallor caused by stimulating the superficial plantar 
nerves. The pallor was rather less regularly increased than the flushing. 
In one experiment (body weight 2*5 kgs.) I injected into the jugular 
vein 10 mgms. of ergotoxine phosphate in four successive doses in the 
course of three-quarters of an hour and then 10 mgms. in one dose. 
Throughout, the superficial lateral internal plantar nerve caused brilliant 
flushing in the usual areas, great pallor of the side pads, good pallor of 
the 2nd toe, rather less of the 5th toe. At the end of the experiment the 
effect was a little slower in developing than at its best, but was more 
marked than it had been before ergotoxine was given. 

It is then, I think, clear that the pallor accompanying antidromic 
vaso-dilation is passive and due to the dilated vessels withdrawing 
blood from the adjoining regions. 

Dale found that a larger dose of ergotoxine was required to paralyse the motor nerves 
to the base of the bladder, and the pilomotor nerves than to paralyse the vaso-constrictot 
nerves. Por my purpose there was no object in giving a minimal dose, but I may mention 
that the first dose of 1-S mgms. increased the effect of the internal lateral plantar both on 
fiushing and secretion, and in another experiment the same effect was obtained with a first 
,dose of 2-7 mgms. (body weight l-S kgs.). Five mgms. of ergotoxine (the smallest dose tried) 
reversed the action of the lumbar sympathetic on the foot. The pilomotor fibres were 
paralysed by 20 mgms., the motor nerves to the bladder were not quite paralysed by this 
dose. The larger amounts were not however given at one time. 

Passive pallor alone does not, however, always accoimt for the 
relative pallor in different parts of the foot. Some difference of capillary 
tone is required for this. Since differences undoubtedly occur it is not, 
I think, worth wliile discussing the particular cases. 

The maximum pallor is much greater than any that has been de- 
scribed as accompanying hypersemia elsewhere. This I attribute to the 
comparatively long course of the deep metatarsal and digital arteries 
and to their comparatively few arterial anastomoses, so that copious 
^ blood flow through one branch causes a great decrease of blood flow in 
, adjoining branches. In the skin the arterial anastomoses are many. It 
heed hardly be mentioned that the flushing of the pad and toes has little 
or no affect on the blood-pressure of the large arteries since it does not 
appreciably reduce the total resistance. 
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The disappearance of blood from the superficial vessels which causes 
the pallor might bo produced in one of two ways, or by a combination of 
these, (a) the decrease of arterial blood-pressure might lead to a decrease 
of capillary diameter, or (6) the decrease of arterial diameter might 
prevent the corpuscles from passing through but not prevent plasma from 
passing, so that the corpuscles would be driven out of the capillaries 
and veins — a form of pallor which was said by Lister to occur sometimes 
in the frog’s web. 

On the whole the phenomena seem to me to require a shrinking 
of the capillaries as the blood-pressure is reduced for the following 
reasons: 

(o) Complete pallor is commonly obtained by clamping the external 
iliac artery, and not infrequently by stimulating the lumbar sympathetic. 
It is possible that on clamping the iliac artery, the peripheral arteries 
contract sufficiently to stop the passage of corpuscles, but until this is 
shown its occurrence may be doubted. Further, if an artery contracts 
sufficiently to stop the passage of corpuscles, the corpuscles will rapidly 
block the artery, and it may be doubted whether in the intervening 
stage, plasma could pass in sufficient quantity to drive the corpuscles 
out of the capillaries and dermal venous network. 

(b) The pallor progresses smoothly without any sudden change and, 
tis I have said, it is sometimes slow and may take a minute to reach its 
maximum. With progressive decrease of arterial lumen, the stoppage 
of the corpuscles would be sudden and one would expect a more abrupt 
change than actually occurs. 

(c) In the pallor accompanj'ing antidromic flushing the small efferent 
vein of the cushion of the toe usually remains distinct. It hardly seems 
reasonable to suppose that the washing out would so often proceed to the 

^ extent of removing blood from the dermal venous network and yet leave 
corpuscles in the small efferent vein. The appearance suggests the con- 
tinuance of blood flow though to a greatly restricted degree. 

Whilst then in certain conditions it is inevitable that there should be 
' some washing out of the corpuscles by a plasma stream, I think that the 
* chief cause of pallor is the shrinking of the capillaries and dermal venous 
ple.XHS in consequence of decrease of internal pressure. 

In any case the experiments show that the volume of blood in the 
I cat’s foot is largely dependent on the local arterial blood-pressure. This 
is. of course, an old theory applied to a particular case, but it is not in 
' agreement with the results obtained by Roy and Graham BrownfS) in 
^ the frog’s web and other tissues, nor-with those obtained by Krogh(9) 
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in the frog’s web and tongue, and in striated muscles. According to these 
the diameter of capillaries and the volume of blood in them are practicallj 
independent of arterial blood-pressure in normal conditions. 

Roy and Graham Brown found that the change in capillary diameter caused by in- 
creasing the external pressure was usually too slight to admit of measurement, but some- 
times was 10-15 p.c. I found ( 10 ) at times definite though slight variations of diameter 
accompanying variations of arterial pressure. Krogh observed practically no change in 
the size of the capillaries of the weh and tongue of the frog with varying arterial pressure, 
and ho found (U) that normal arterial pressure was insufficient to open many of the 
capillaries of striated muscle. Krogh, however, noticed that capillaries are constantly 
varying in size, and that a dilated capillary yields readily to pressure so that there should be 
a variation in the diameter of some capillaries when the arterial pressure varies. The proba- 
bility is that capillary tone varies greatly in different tissues. Each stage of tone may bo 
regarded, not ns n continued contraction but as being a different physical condition, such 
ns has been shown to exist both in unstriated and striated muscle. Boy and Graham 
Brown argued that the elasticity of capillaries must vary in different degrees of contraction. 

3. Notes on ike action of dfttgs. 

Novocaine bas been found to paralyse afferent nerves before the motor 
nerves of skeletal muscle. It seemed then possible that the antidromic 
vaso-dilator fibres of the plantar nerves might be paralysed before the 
efferent sympathetic fibres. The injection of O’l to 0-2 c.c. of 0-6 to 1 p.c. 
novocaine under the plantar surface of a digit about the level of the 
2nd phalanx rapidly prevents stimulation of the plantar nerves pioximally 
of the pad from causing flushing of the cushion of the injected toe. The 
rest of the innervated area flushes. The sympathetic secretory and vaso- 
constrictor fibres ate also paralysed. To observe the effect on vaso- 
constrictor fibres a plantar nerve branch which does not supply the pad 
should be taken. The duration of the paralysis depends naturally upon 
the amoimt of novocaine injected and its concentration. With the amount 
given above the paralysis lasts 10 to 30 minutes. In recovery I have not 
found any certain difference in the time at which flushing and secretion 
begins. If there is any differential action it can, I think, only be slight. 
A similar amoxmt of novocaine injected into the mid pad prevents the 
posterior roots of the 7th lumbar nerve from causing flushing in the mid 
pad, but not in the side pads or toes. If, however, the injection is deep 
in the mid pad, the underlying plantar nerve branch is affected, and the 
adjoining halves (approximately) of the 3rd and 4th toes do not flush 
on stimulating the posterior roots. The injection causes local pallor 
during the paralysis, apparently by arterial constriction. 

Nicotine. An intravenous injection of 20 mgms. of nicotine does not 
V prevent tbe posterior roots from causing flushing. The flushing is however 
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decreased. The decrease may be attributed to lowered blood-pressure in 
consequence of paralysis of the peripheral ganglia. 

Curari. As found by most observers an amount of curari sufficient 
to paralyse the motor nerves of skeletal muscle has little or no effect on 
antidromic flushing. If sufficient is given to paralyse the peripheral 
ganglia and so cause a great fall of blood-pressure, the antidromic effect 
is much reduced. 

Atropine. Ostroumoff found that atropine did not prevent the 
sciatic nerve from causing a rise of temperature in curarised dogs. As 
the rise of temperature is mainly due to antidromic notion, the result is 
fair evidence that neither the atropine nor the curari given prevented 
antidromic action. Reid Hunt in plethysmograph experiments found 
that atropine did not prevent antidromic increase of volume of the hind 
limb. And intravenous injection of lOmgms. atropine sulphate does not 
prevent the lower lumbar posterior roots from causing flushing in the 
cat’s foot. In two experiments there appeared to be a slight decrease in 
effect, but as the blood-pressure was not taken, the decrease may have 
been due to fall of blood-pressure. Atropine, however, does affect the 
result of stimulating the superficial plantar nerves, favouring the 
occurrence of primary pallor, a result I deal with in another paper. 

Acetyl-choline. Dale and KichardsfS, p. 135) showed that intravenous 
injection of -001 mgm. of acetyl-choline caused for a short time flushing 
of the pads of the cat’s foot. I made one experiment, injecting into the 
mid pad 0-1 c.c. of a 0-1 p.c. alcoholic solution. The injection caused 
free secretion and considerable flushing in the mid pad. Stimulation of 
the 7th L.-posterior roots increased the flushing slightly but distinctly. 
The action of ergotdxine I have mentioned earlier (p. 60). 

These results suggest that only drugs which abolish nerve excitability 
prevent antidromic vaso-dilation; the effect of other drugs depending 
on their effect on blood-pressure. 

i. Theories of antidromic action. 

The conclusions arrived at in Part I were that antidromic vaso- 
dilation is produced either by a special kind of afferent fibre ending 
in the capillaries or by metabohtes set free in cells by impulses passing 
down afferent nerve fibres. These conclusions are, I think, strengthened 
by the results given in this paper, and they tend in addition to show that 
the capillaries affected in the foot are not confined to those of the skin 
but include those of the subcutaneous tissue and probably also the 
dermal venous network. The theory of action by metabolites is that 
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■wliich appeals to me most. I have made some experiments on the local' 
injection of blood from flushed areas and of skm extracts, but so far with 
varying results. Whilst the final decision must rest on further experi- 
ments, it will clear the ground to consider briefly the theories which have 
been put forward and the facts on which they are based. 

The history begins with the early observation of Scbiff that section 
of the nerve roots supplying a limb caused a rise of temperature in the 
limb. The method was that introduced by Cl. Bernard to show the 
presence of vaso-constrictor fi^bxes, and >Sohiff argued that there were 
direct vaso-constrictor fibres in tbe anterior roots of ail the spinal ner^. 
The facts were disputed and the theory of direct fibres gradually dis- 
credited. The discovery by Goltz (1874) that crimping tbe sciatic nerve 
caused a rise of temperature in the hind limb was the origin of numerous 
observations on the question of the existence of vaso-dilator fibres in 
the symp.athetic, and of direct vaso-dilator fibres in the spinal nerves. 
As is well known a new turn was given, to the qnestion by Strieker 
(1876) who foimd that stimulation, chiefly mechanical, of the posterior 


roots of the nerves of the hind limb caused a rise of temperature in it. The 
main result was confirmed by Bonuzzi, Bornezzi, Morat and 
Werziloff, and all attributed it to the presence of vaso-dilator fibres 
difiering only from the known vaso-dilator fibres in that they left the 
spinal cord in the posterior roots and ran direct in the spinal nerves. 
Morat ( 12 ), besides observing that visible flushing in the foot could be 
obtained by ordinary electrical stimulation of posterior roots, stated 
that flushing was obtained 8-10 and 25 days after their section. In the 
fuller account published a little latcr(i3) he only mentioned dilatation 


on stimulating the posterior roots as being obtained after degeneration 
of the anterior roots, so that it was doubtful on what expejj^}iea%uCiu>f 
earher statement was based. He considered, how^j-'j^covery I have not 
dilator fibres had their toophic centre secretion 

^se ^'ere hke other vaso-dr lator filw' j be sHght. 

Ill IT fT i^iected into tbe mid pad prevents the 
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in the peripheral ends of cut posterior roots had been confirmed by several 
recent observers. This absence of degeneration I had also found, and in 
consequence in giving an account of the sympathetic system I said(i5) 
that the effect could not bo caused by fibres arising from the spinal cord, 
and I was inclined to believe that the effects described were not due to 
fibres in the spinal nerve roots. Later the way to reconcile the results 
occurred to me, viz. by impulses passing backwards along the afferent 
fibres after the manner of that in the axon reflexes which I had found in 
sympathetic fibres. The protracted rise of temperature which had been 
described in the muscles led me to believ-e that the effect was due to 
metabolites set free in muscle spindles, the metabolites causing vascular 
dilatation. Baylisa(iO), using the plethysmograph method, showed that 
both electrical and mechanical stimulation of the posterior roots caused 
marked increase of volume of the limb of the dog and he attributed the 
vaso-dilator action, as previous observers had done, to efferent nerve 
fibres. I communicated my views to lum through the Head of the 
Laboratory (Prof. Starling) and suggested stimulation and histological 
e.\amination of the posterior roots after they had been cut and allowed to 
degenerate. Bayliss’ssubsequcntexperimentsUT) confirmed the theory 
of vaso-dilation by afferent fibres and he . showed that various other 
conceivable theories were not tenable. He found, however, that stimula- 
tion of the posterior roots caused a considerable dilatation of the foot 
and a very small dilatation in the leg after the skin had been removed 
and the foot cut off. In consequence he considered that the effect was 
almost entirely in the skin and that it was probably due to the endings 
of the afferent fibres in the arteries acting both as motor and sensory 
organs. The question of the degree of dilatation in muscle can hardly 
be considered as settled, for only one c.xperiment was made, and removal 
of the skin would probably interfere with the circulation in the muscle. 
In the foot there is muscle, fat and gland tissue as well as skin and as 
mentioned above there is evidence that the dilatation is not confined to 
the skin. 

N, Bruce(iS), following up some results obtained by Spiess, observed 
that oil of mustard locally applied ceased to cause dilatation of the con- 
junctival vessels after degeneration of the conjunctival nerves. He 
concluded that the normal dilatation caused by oil of mustard was due 
to stimulation in the epithelium of the endings of nerve fibres which 
divided and sent one branch to an artery, i.e. the dilatation was held to 
be produced by a peripheral axon reflex. There are several possibilities 
as to the action of oil of mustard. It might affect the deeper tissues as 
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■well as the epithelium, and set free metabolite^ partly by direct action 
and partly by stimulating sensory nerves. The less action after nerve 
degeneration might be due to the absence of nerves to stimulate or to 
a decrease in the responsiveness of the tissue. 

BardyUS) confirmed in the main Bruce’s results, though he did not 
find a complete absence of hyperjemia on applying oil of mustard after 
degeneration of the sensory nerves. He modified Bruce’s theory by 
interpolating a sympathetic nerve cell in the centrifugal part of the axon 
reflex. This theory I consider untenable. It is based on the action of 
nicotine. Bard)' found that repeated local instillation of 2 p.c. nicotine, 
after partial local anaesthesia, greatly reduced the effect of the oil of 
mustard and paralysed the vaso-constrictor effect of the cervical sympa- 
thetic on the nictitating membrane. The repeated application of 2 p.c. 
nicotine would annul the conductmty of the sensory fibres, and the 
condition would be similar to that produced by cocaine. The paralysis 
of the ccT'iics] sympathetic ivonJd be caused either bv the abehtion of 
the conductivity of the vaso-constrictor fibres by nicotine directly applied, 
or to the absorbed nicotine paralysing the nerve cells of the superior 
cervical ganglion. The other result on which Bardy relied was that 
intravenous injection of GO mgms. of nicotine abolished the hj'pereemic 
effect of oil of mustard. This is the natural result of the great reduction 
of blood-pressure caused by a large dose of nicotine. In fact, Bardy 
notes that there was a similar reduction in the effect of oil of mustard 
on ligaturing the common carotid, a procedure which causes less local 
fall of blood-pressure than that caused by the injected nicotine. 

Gaskell( 20 ), who took Bayliss’s experiments to show that anti- 
dromic action was solely in the skin, suggested that the sensory nerves 
might cause the formation of acid metabolites in the epidermis and that 
the vaso-dilation was due to the action of these. Ebbeke(2l) investi- 
gated the effect of mechanical stimulation on the blood vessels — chiefly 
in the skin. The red stripe wliich is produced by rather strong stroking 
he considered was a capillary dilatation produced by metabohtes of the 
epidermic cells, and he suggested that antidromic action might also be 
of the same nature. 

The effect of the posterior roots on the vessels of the frog’s web is still 
obscure, for not all observers find positive effects^ and there are differences 
in the accounts of those who do find them. But according to Doi(22) the 
arteries and capillaries of the web, and according to Krogh, Harrup 
and Rehberg. the arteries and some of the capillaries dilate on stimu- 
lating the posterior roots. The observations are perhaps somewhat in 
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favour of a direct action on the arteries, but it is obvious that as the 
arteries are practically in the same plane as the capillaries, metabolites 
might affect both. 

Krogh, Ilarrup and Rohberg from the persiatcnco of local reactions in arteries and 
capillaries in the web of tho frog after excision of ganglia and section of tho sciatic adopt 
tentatively tho view that a certain number of nerve Hbres arc kept alive after nerve section 
by peripheral nervo cells. In view of tho histological evidence of degeneration obtained by 
Euglein in tho ear of tho rabbit and b 3 ’ myself in tho sartorius muscio of tho frog and in 
view of tho absenco of recognisable nervo colls in tho periphery', it is I think more probable 
that the persistent reactions they found were either duo to conduction from ct-11 to cell in 
tho vessels or to aberrant nervo cells. I onco foimd a small group of nerve cells of tho type 
of sympathetic cells in tho upper part of a frog’s sciatic ncr\'e. 

Knally I may say a word or two on the mode of reaction of the 
capillaries. The theory that their contraction and expansion is due to 
a variation of tonic contraction of branched cells (Eouget’s cells) sur- 
rounding them has not, I think, at present any satisfactory basis. In 
the cat’s foot, and in such other mammalian tissues as I have examined, 
the cells in connexion with the capillaries seem to me indistinguishable 
from the immediately adjoining connective tissue cells, nnd it is rare to 
find one which has the appearance of surrounding the capillary with its 
processes. It is not claimed that Rouget cells form more than a most 
imperfect coat to the capillary. If then, the tone resided in these cells, 
there would be in the more or less tonic normal state, a series of bulgings 
of the distensible epithelioid coat whenever the internal pressure was 
greater than the external. The main arguments for the theory are the 
improbability of the epithelioid wall having contractile power, and that 
in a few cases in the frog the capillaries have been found to contract 
earlier and more strongly in the region of an e.xtemal cell. On the other 
hand it may be said that there is no improbability in the thin epithelioid 
wall shrinking or expanding \Tith variations of surface tension such as 
can be caused by minute amounts of chemical bodies, nor in each change 
of surface tension involving a different state of distensibility and as 
' regards the localised contraction Roy and Graham Brown(8) definitely 
state that the capillary tube may expand and contract as a whole. 

Summary. 

The effects on the colour of the pad and toes of the foot of the cat 
produced by stimulating the several nerves are given. The chief results 
as regards antidromic action are ; 

The superficial plantar nerves, notwithstanding the presence in them 
of sympathetic vaso-constrictor fibres, nearly always cause marked 
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flusMng in the pad and toes on strong or repeated stimulation. Each 
plantar digital nerve causes secretion and flushing more or less confined 
to its own half of the cushion of the toe. 

Stimulation of the distal nerve on the side of the toe having the 
proximal part of the artery does not cause flushing on the whole of 
the opposite side of the toe although this is supplied with blood from 
a distal branch of the artery. This confirms the view that antidromic 
impulses do not cause dilatation of small arterial trunks. 

The secretion obtained by stimulating a plantar distal nerve never 
spreads more than about a millimetre into the opposite side of the cushion 
of the toe. 

The flushing may be similarly restricted. The degree to which it 
spreads to the opposite side depends on two factors. The most important 
is the degree of tone in the vessels of the opposite side. If this has been 
reduced by antidromic action, the whole of the opposite side of the toe 
may flush. 

The other factor is the position of the afferent vein of the dermal 
venous plexus ; this is placed on the side of the toe which has the distal ' 
artery, thus the dilatation spreads farther from proximal to distal artery 
side than in the reverse direction. 

On stimulating one of the superficial plantar nerves, all parts of the 
pad and toes which do not flush become paler. The pallor is not due to 
outspread of stimuli by a nerve network or to an axon reflex — amongst 
other reasons because, both flushing and pallor are more marked after 
‘paralysis of the vaso-constrictor fibres by ergotoxine; thus local arterial, 
pressure in the foot has a great effect on capillary diameter. 

The deep external plantar nerve ordinarily causes pallor" of the foot 
by an action in the metatarsal region; this is not reversed by 20 mgms. 
of ergotoxine phosphate. 

The successive stages of the theories of the mode of production of 
vaso-dilation by the lumbar nerves are reviewed and the evidence which' 
the facts afford of the mode of production is discussed, 

\ Conclusions. 

\ The flushing caused by antidromic nerve impulses in the pad and toes 
01 ^ the cat is due to dilatation in the capillaries of the skin and in all 
probability to dilatation of the dermal venous network and the capillaries 
of vthe subcutaneous tissue. The three together may be spoken of as the 
capillary system. 

Afitidromic impulses do not cause dilatation of the arteries from the 
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aorta up to the final arterial branches and probably not directly in the 
final arterial branches. 

Decrease of blood-pressure combined with decrease of blood supply 
causes this capillary system to become nearly empty of blood and the size 
of the vessels to decrease. The de^ee to which this effect is produced with 
a given lowering of blood supply depends on the tone of the capillary 
system. If the tone has been reduced by previous antidromic impulses, 
great decrease of local blood-pressure causes slight change only in the 
capillary system. This is in harmony with the observations of Krogh 
that in the frog a low blood-pressure is sufficient to dilate a capillary the 
tone of which has been reduced by mechanical stimulation. 

The facts at present known are insufficient to decide whether the 
antidromic vaso-dilation is produced by afferent fibres ending in the 
capillaries or by afferent fibres setting free metabolites. The indirect 
evidence seems to me to be in favourof the latter theory. On the metabolic 
theory the varying tone of the capillaries may be regarded as produced 
by physical changes in the epithelioid wall leading to a change in diameter 
and in extensibility. 
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THE VASCULAR DILATATION CAUSED BY THE 
SYMPATHETIC AND THE COURSE OF VASO- 
MOTOR NERVES. By J. N. LANGLEY. 

{From the Physiological Laboratory, Cambridge.) 

■ The vascular dilatation caused by the sympathetic. 

In early experiments (i) I found that stimulation of those spinal nerves 
which caused secretion in the fore or hind feet of the cat commonly caused 
also flushing of the sldn of the foot, usually, but not always, preceded by 
pallor. Both the preganglionic fibres causing pallor and those causing 
flushing were found to end in the same sympathetic ganglia. At the 
time I regarded the results as evidence of the existence of vaso-dilator 
fibres in sympathetic nerves. In some subsequent experiments (2) I only 
found flushing after primary pallor. In the course of recent experiments 
on antidromic action I had occasion to stimulate the lumbar sympathetic 
and again obtained at times primary flushing. I noticed also that 
stimulation of the peripheral branches of the plantar nerves had a greater 
tendency to cause pallor after atropine had been injected. In consequence 
I have made some further observations on the effects of stimulation of 
the lumbar sympathetic on the colour of the foot. 

The cats were anaesthetised first with chloroform and after tracheo- 
tomy vdth c.E. mixture. They lay unbound on the table and care was 
taken to avoid any pressure on the veins. The sympathetic was cut and 
stimulated below the 5th lumbar ganglion, the white ramus to the 6th 
ganglion (if present) was cut, or this ganglion isolated. When the sympa- 
thetic on both sides was prepared, the intestines were sometimes removed. 
Erection of the tail hairs, and contraction of the trigonum of the bladder 
served as accessory indications of nerve excitability. 

The effects of stimulating the peripheral end of the lumbar sympathetic 
vary greatly in different cats. The predominant effect, as is known, is 
primary pallor. This is obtained in every experiment. The pallor may be 
complete and even the efferent vein of the cushion of the toe may dis- 
appear from %dew, or the pallor may be shght and tmequal in different 
parts of the foot. Frequently there is some return of colour when the 
stimulus is kept on for 45 to 60 secs. ; this may pass into increase of colour, 
or the increase may only occur when the stimulus has ceased. But 
occasionally some of the stimuli, even early in an experiment, cause 
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flushing in 5 to 10 secs, with no poTceptible preceding pallor, and later 
becomes very marked. All variations occur between early flushing and 
that which only occurs after the stimulation has ceased. Occasionally 
also the pallor continues for a minute or more after the stimulation, and 
then only slowly gives way to a slight flush. 

The fluiihmg was generally slight in the pad, greater in the 3rd and 4th toes than in the 
2nd, greater in this than in the 5th. The pad — especially the anterior part of tho mid pad 
— eomctinics becomes pule, whilst the toes flushed, and sometimes a portion of each toe 
became paler while the remaining part flushed. Thus in one case there was a distinct white 
patch on the proximal part of the cuslxton of each toe, on the Bido of the proximal part of 
tho artery whilst the rest of tho too flushed. A weak stimulus appears to favour the pro- 
duction of pallor. In two cxjicrimcnts in which there was deep urethane anaisthoaia, the 
feet were red and relatively slightly influenced by the sympathetic. 

The varjdng results show that the change of colour is influenced by 
several factors. The early flushing might be due (a) to earlier or greater 
vascular contraction in another region, (b) to formation of vaso-dilator 
metabolites by sj-mpathctic secretory fibres. These factors, it may be 
noticed, may also be operative in the increase of volume of visceral organs 
winch have occasionally been observed on stimulating thoracic nerve 
roots. The late flushing might be due, as suggested by Roy and Graham 
Brown(3), to the previous constriction causing anasmia and so setting 
free vaso-dilator metabolites. 

As I have said, atropine usually favours the production of pallor by 
the superficial plantar nerves, and it is an obvious explanation that it 
does so by paralysing the secretory nerves and thus preventing the 
formation of vaso-dilator metabolites. In order to test this, the lumbar 
sympathetic was stimulated before and after giving atropine (10 mgms. 
of the sulphate). I did not find that the vaso-coustriotor action was 
increased by atropine, if there was any change it was somewhat lessened, 
but the late-flush and the after-flush were much decreased, and in the 
few cases in which a primary flush was obtained it was abolished by 
atropine. The primary flush was not however obtained sufficiently often 
to give any certainty that it might not sometimes occur after atropine. 
Further, before atropine was given, the flushing sometimes occurred 
without visible secretion or before visible secretion. But visible secretion 
depends greatly on the state of the epidermis. The sweat glands of a foot 
which secrete very feebly appear normal in microscopic sections, and it 
might therefore be argued that the sympathetic had not lost its action 
upon them. 

The results, I think, show that the sweat glands in activity produce 
a vaso-dilator substance (or vaso-dilator substances) and that whether 
this causes increased blood volume or not when the sympathetic is 
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stimulated depends on tlie degree of simultaneous vaso-constriction. 
Further, since the main secretory part of the sweat glands is in the 
subcutaneous tissue, we may conclude that the chief dilatation is in the 
vessels of the subcutaneous tissue. 

The production of vaso-dilator substances by the sweat glands is 
merely another instance of a widespread if not universal result of cell 
activity. Notable instances are those of the salivary glands and of muscle 
described by Barcroft and Kato(4). In the case we are considering, its 
occurrence weakens the evidence of the existence of sympathetic vaso- 
dilator fibres in the nerves of the foot. The evidence for such fibres rests 
mainly on the effect of ergotoxine found by Dale(5). Dale showed that 
ergotoxine paralyses vaso-constrictor fibres and he found that after 
injecting it (5 mgms. of cornutine) stimulation of the lumbar sympathetic, 
instead of causing pallor of the cat’s foot, caused slight but distinct 
flushing. But he found that secretion was still abundant. In view of the 
effect of atropine given above, the flushing might then be due to meta- 
bolites set free in secretion. On testing this possibility, it was, however, 
negatived. Atropine given after ergotoxine did not prevent the sympa- 
thetic from causing flushing. One experiment was as follows : 

Cat, anffisthetised with c.e. and urethane. Feet red. The lumbar sympathetic caused 
distinct but patchy primary pallor with fairly free secretion followed by flushing in the toes. 
After 10 mgms. of atropine sulphate, the sympathetic caused pallor much as before, but 
no obvious flushing. 5 mgms. of ergotoxine phosphate were injected, and a little later 
10 mgms. of atropine sulphate. The sympathetic then caused a good flush. Adrenaline still 
caused a temporary fall of blood-pressure. 

Supposed vaso-cotistrictor fibres accompanying the arteries. 

It has been found in clinical practice that section of the outer sheath 
of the femoral or the brachial artery (peri-arterial section) abolishes in 
certain cases (1 temporarily only) peripheral vaso-constriction such as 
occurs in Raynaud’s disease. From this it has been concluded that 
sympathetic vaso-constrictor fibres pass to the periphery by the arteries. 
In former papers I have stated that sympathetic fibres run to the trunk 
Sind limbs by the spinal nerves and not by the arteries. In view of the 
clinical result just mentioned I have made some further experiments. 

lumbar sympathetic was prepared as described above, and stimulated 
before and after section of the crural and sciatic nerves and the colour 
of tire foot observed. The pallor of the foot obtained before section was 
abolished by the section. As a further test, ergotoxine was injected, and 
the lumbar sympathetic stimulated. On the side with cut nerves it had 
no effect, on the side with intact nerves it caused marked flushing. 

Two experiments were made on the effect of successive section of the 
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peripheral nerves. After section of the posterior tibial nerve at the tendo 
Aohillis the sjmpathetio still caused complete pallor of the pad and toes, 
though not ndth every stimulus. Section, in addition, of the musculo- 
cutaneous (n. peron. superf.) on the dorsal surface of the foot greatly 
reduced the pallor obtained, and it was chiefly in the 2nd toe. Additional 
section of the anterior tibial nerves (n. peron. prof.) just above the ankle 
nearly abolislied the effect of the sympathetic. Finally, after section of 
the anterior tibial nerve where it separates from the musculo-cutaneous, 
the sympathetic perhaps caused a trifling pallor. But it was too slight to 
be certain about. 

The plan of sympathetic innervation of the arteries, I take to be, that 
the ganglia of the sympathetic chain send fibres to the immediately 
adjoining arteries (aorta and vertebral arteries), and that the peripheral 
arteries receive small filaments at intervals from the nerves accom- 
panydng them, each filament supplying a portion only of the artery. So 
far then as peri-arterial section abolishes peripheral vaso-constriction, 
its effect must, I think, be due to some other cause than section of nerve 
fibres running to the periphery in the arterial sheath. Possibly it may be 
due to section of afferent fibres, or to the contracted part of the artery 
being near the point of peri-arterial section. 

SUJIMARY AND CONCLUSIONS. 

Stimulation of the lumbar sympathetic commonly causes flushing 
of the cat’s foot after primary pallor, and occasionally flushing with no 
appreciable preceding pallor. 

Atropine decreases the degree of flushing and prevents, or nearly 
prevents, the occurrence of primary flushing. Thus the flushing is largely 
due to metabolites set free by the sweat glands in secretion. Atropine 
does not, however, prevent ergotoxine from converting the vaso-con- 
striotor action of the sympathetic into a vaso-dilator action. 

After section of the sciatic and crural nerves, stimulation of the 
lumbar sympathetic causes no appreciable pallor of the foot, and after 
ergotoxine has been given it causes no flushing. Thus peri-arterial 
section in man, so far as it relieves peripheral vaso-constriction, in all 
probability does not do so by severing nerve fibres running with the 
arteries to the periphery. 
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ON THE OVARIAN FACTOR CONCERNED IN THE 
OCCURRENCE OF CESTRUS. By F. H. A. MARSHALL, 
F.R.S., AND W. A. WOOD, F.R.C.V.S. 

{From the School of Agriculture and Field Laboratories, Cambridge.) 

In a paper by Marshall and Runciman the new was tentatively 
expressed that the occurrence of the piocestrnm and oestrus in dogs 
does not depend upon the presence of ripe Graafian follicles in the ovaries. 
This conclusion was suggested as a result of three experiments in which 
all the nsible follicles in the ovaries were pricked or cut by a needle or 
knife a short time (3 to 8 weeks) before a ‘‘heat” period was due. Each 
of the three bitches experienced normal heat at or very shortlj’- after 
the expected time. The animals were killed from one to three weeks later, 
when the ruptured follicles were found to have become converted into 
structures identical with or resembling corpora lutea but (at least in one 
case) with abnormally large cavities. 

In criticism of the suggestion that these experiments indicated that 
the phenomena of “heat” are due to ovarian organs other than the 
epithelial cells of the ripe follicles Robinson has remarked with some 
justice that the cells of the ruptured follicles were not necessarily func- 
tionally interfered with, in spite of the fact that they subsequently became 
converted into luteal cells; moreover, the experiments did not show at 
what precise period the hypertrophy and transformation occurred. 
Robinson states further that in ferrets heat is only experienced when 
ovarian follicles are of a certain degree of development which he calls the 
“ pre-inseminal'’ stage. At this time the folhcles “appear to take on the 
function of providing the secretion which is responsible for the phenomena 
of procBStrum and oestrus.” Lastly in the ferret follicles of the pre-in- 
seminal stage may remain present for a long period without undergoing 
atrophy, and when this is so oestrus persists for a corresponding period 
which may be very extended {cl. Marshall, 1904). 

The experiments described in this paper were conducted on the same 
lines as those previously described but with some modification in method 
in two cases. 


\ 1. A Pomeranian bitch was seen to be on “heat” from March 4th to 
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another heat period was duo in September. The bitch was operated upon 
on August 5th, the ovaries being c.vposcd and the visibio follicles out with 
a knife. She began to show prooestrous bleeding on September 9th and 
then went through the normal prooestrous and oestrous ohanges (so far 
as could be seen c.xtcmally), the flow of blood from the vulva finally 
ceasing on September 18th. She was killed on October Gth. Thus the 
heat period occurred at the expected time and the experiment was in 
every respect like the earlier ones of Marshall and Bunciman. 
Histological examination of the ovaries and uterus showed the tj'pical 
indications of mid-pseudoprcgnancy. The ovaries contained numerous 
corpora lutea which were well vascularised but the luteal cells were 
partially vacuolated (where the fat had been dissolved out by alcohol) 
and were evidently just entering on regression. The uterus showed great 
glandular development but the epithelium of the glands was on the way 
to becoming cubical. The condition recalled the 31 day stage of pseudo- 
pregnancy described by Marshall and Hainan. It is clear that the ex- 
periment is open to the same criticism as the earlier ones of Marshall 
and Bunciman since it is possible that the follicle cells were not de- 
stroyed and quite conceivably continued to function after being cut into. 

2. An Aberdeen terrier bitch was seen to be “ on heat ’’from March 4th 
to I5th, 1921. External bleeding at the vulva decreased on the 7th but 
there was a trace of blood as late as the 15th after which bleeding finally 
censed. The bitch was operated upon on August 5th, 1921, but instead of 
the ovaries being cut with a knife the visibio follicles were cauterised by 
a red-hot needle. The bitch was kept under careful observation for sixteen 
months during which time no heat period occurred. Subsequently the 
bitch was e.xamined less regularly but it is unlikely that heat coaid have 
taken place without being observed. Signs of heat were however noticed 
early in May, 1923. The bitch was eventually killed on June 7th when it 
was found to be in an advanced stage of pseudopregnancy, the uterus — 
more especially one horn — containing a large quantity of glandular secre- 
tion probably comparable in nature to the “ uterine milk ” of Ungulates, 
while the mammary glands had also undergone much growth and were 
actively secreting milk which was freely discharged on the glands being 
cut. Sections through the ovaries showed numerous corpora lutea with 
much vacuolated luteal cells as well as many developing follicles. The 
two horns of the uterus differed considerably in histological appearance. 
One was considerably more distended than the other, and transverse 
sections of the distended horn showed a great development of the uterine 
glands which had however begun to undergo pseudopregnant retrogres- 
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sion. The wall of the cavity was much folded. The whole appearance 
was not unlike that of a rabbit’s uterus rather more than mid-way through 
pseudopregnancy. The cavities of the glands were often very large and 
often contained a secretion and sometimes also what appeared to be 
desquamated epithelial cells. The epithelial lining was cubical rather than 
columnar, but in some of the deeper parts of the mucosa appeared to have 
undergone almost complete destruction. The same was true of the other 
or less-distended uterine horn. Here the glands were for the rqost part 
smaller, and as a general rule resembled the deeper glands of the dis- 
tended horn. Enlarged capillaries containing red corpuscles were nu- 
merous in parts of the stroma of both uterine horns. The sections were in 
a general way similar to those of the 38 and 43 day stages of pseudopreg- 
nancy described by Marshall and Hainan. The mammary glands also 
presented a condition of very pronoimced pseudopregnancy and both 
the secretory alveoh and the ducts contained an abundance of milk. 

3. A fox terrier bitch was kept imder observations from March, 1921, 
onwards. She experienced normal prooestrum (with hsemorrhage at the 
vulva) in May, in September, and in March, 1922. The oestrous cycle was 
thus a little irregular, but it is not unusual for dogs, especially those of 
the smaller breeds, to experience a somewhat shorter cycle in summer 
than in winter. The bitch was operated upon, in precisely the same way 
as in case 2, on June 13th, 1922, or three months after the last heat period 
and therefore from one to three months before a new period was due in 
this animal. All the follicles seen on the surface of the ovaries were 
cauterised with a red-hot needle. The bitch was kept under close observa- 
tion and did not come “on heat” again until March 2nd, 1923, when 
prooestrous bleeding commenced, Promstrum was followed by oestrus 
and the bitch was served by a dog on March 9tb. She became pregnant 
and gave birth to three pups on May 14th after a pregnancy very slightly 
longer than the normal. She was killed on June 7th. Sections through 
the o^Wries showed corpora lutea with much vacuolated luteal cells 
obviousW in a state of advanced retrogression. The mammary glands 
we^e still active and contained much milk. The uterus had not yet 
undergone involution but contained a quantity of decidual tissue. The 
unusually long time taken over involution was probably correlated with 
the feet that the pups died soon after birth and consequently normal 
lactaticm did not occur, it being known that suckling favours rapid 
involution; this has been demonstrated more especially in the case of the 
guinea-pig" by Loeb. 

The expieriments, few in number as they ate, show clearly that 



THE OVARY AND (ESTRUS. 


77 


destruction of the larger follicles by cauterisation led to a diSerent result 
from pricking the follicles or cutting them with a knife. They support 
Robinson’s contention that the phenomena of promstrum and oestrus 
only appear in the presence of follicles which have attained a certain 
stage of development, which he calls “pre-inseminal maturity,” and that 
the phenomena arc duo to some secretion produced by the follicles at that 
particular phase. “In all young animals group after group of follicles 
grows and dies but no signs of heat appear because none of the groups 
have attained to the phase of growth during which they form the heat- 
producing secretion. Again, in sexually mature and adult guinea-pigs 
and ferrets group after group of follicles grows and dies without attaining 
the stage at which the heat-producing secretion is formed; but once a 
group of follicles has attained to that stage which is shown in the ferret 
when the cumulus epithelium begins to show signs of separation into an 
inner and outer group of cells, the phenomena of the prooestrum followed 
by those of the oestrus appear.” It was probably shortly before this 
stage was reached that the bitches’ follicles were cauterised in the ex- 
periments described above. The prolonged postponement of heat could 
not have been a mere “post-operative effect,” since the animals very 
rapidly recovered from the operation and lived perfectly healthily until 
their, death. Beyond the existence of a small amount of scar tissue no 
trace was found of the destroyed follicles in the ovaries of the bitches 
after slaughter. 

With regard to the possibility that “heat” is due to an internal secre- 
tion from the ovarian interstitial cells the evidence is mostly negative. 
We have not been able to identify such cells with any certainty in the 
bitch. Aime writing in 1907 says they have not been seen in the ovaries 
of the adult pig, sheep, dog or man. Acschner also states that no inter- 
stitial cells are present at the time of the first heat in the dog but only 
before puberty. Robinson says that in some bitch ovaries in his 
possession interstitial cells are undoubtedly present in the form of 
strands of cells and scattered cells but that they do not form so prominent 
a feature of the ovarian structure as in the cat and ferret which, unlike 
the bitch, do not ovulate spontaneously during oestrus. Robinson 
however says nothing about the age of the animals nor about the stage 
in the cycle at which the cells were seen. 

It is well known that the uterus after ovariotomy undergoes atrophy; 
in the rat this condition is very marked at the end of six months 
(Marshall and Jolly). It seems unlikely that the organ having once 
become definitely atrophic could be restored to the normal condition. 
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and the inference is probably correct that in the last two experiments 
described above the normal uterine nutrition was maintained in spite of 
the temporary inhibition of the oestrous cycle, that is to say, the ovarian 
secretion which is responsible for maintaining the uterus and preventing 
it from lapsing into the atrophic condition continued to be produced 
and to exert its usual influence over the uterus just as it does during the 
normal anoestrum. 

It may probably be concluded therefore that the ovaries of the adult 
animal produce at least three kinds of internal secretions which differ 
from one another both quantitatively and qualitatively: 

(1) The secretion w'hich is responsible for maintaining the normal 
nutrition of the uterus throughout the entire cycle and preventing the 
organ from lapsing; this secretion is possibly produced by the smaller 
follicles or by the interstitial cells or by both combined; (2) the heat- 
producing secretion which is associated with the pre-inseminal phase of 
follicular maturation; (3) the secretion produced by the corpus luteum 
which is responsible for uterine and mammary hypertrophy during 
pregnancy and pseudopregnancy. 

In further support of these conclusions certain other observations 
may be cited. Pugh in describing the condition of nymphomania in 
cows and heifers, an abnormal state in which the animals appear to 
remain continuously “on heat,” says that the larger Graafian follicles 
have become cystic, and that this condition appears to stimulate the 
growth of the epithelial cells and so possibly favours the production of 
the internal secretion which is responsible for the continuous oestrus. 
Lothe also has found that when heat in cows is continuous or too fre- 
quent it is associated with cystic ovaries. 

Various investigators such as Steinach and Holzknecht have 
found that irradiation of the ovaries by the X-rays causes the degenera- 
tion of the follicles or at any rate of the larger ones, the extent of the 
degeneration appearing to depend upon the dosage. (Steinach and 
Holzknecht however state that the interstitial cells do not degenerate 
but may even hypertrophy.) Werner foimd that irradiation in women 
caused amenorrhcea but that menstruation almost always reappeared 
subsequently and some of the women afterwards gave birth to normal 
children. It is clear therefore that the smaller or less mature follicles 
\ were not destroyed. This result is exactly comparable to what we believe 

have occurred in our last two experiments on dogs. On the other hand, 
hh^Ilroy found that the normal nutrition of the uterus of the rabbit 
could be preserved by ovarian grafts in wbicb the follicle cells had de- 
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goneratod, aud of the possible sccretorv elements, only the interstitial 
cells remained There is no evidence howe\cr that the animals came 
“on heat ” 

That “heat” is not due to the corpus luteum, which acts rather as an 
inhibitor of that condition, is now generally admitted (see Marshall, 
1922) This fact was recognised long ago by ZschokLe who initiated 
the practice now adopted in man}' different coiintnes, of squeezing out 
the persistent corpora lutea of cattle in order to favour their coming 
“on heat ” Moreover, at the commencement of heat corpora lutea (or at 
any rate new 1} formed ones) are not present in the os ones It may be 
taken ns established howeter that the oestrous cjcle comes to an end at 
once and the uterus atrophies after a few months if the o\ aries be remov ed 

SuwMAiiy 

The experiments upon dogs show that if all the Graafian follicles 
Msiblc on the surface of the ovary are cauterised, and therefore probablj 
destroyed, a short time before a heat period is due, then the period is 
missed and there is a prolonged period of nnmstrnm which ma} extend 
o\ er the duration of tw o or more normal oestrous ej oles That the uterus 
does not undergo atroph} is shown b} the subsequent reappearance of 
heat and the resumption of normalitj If the folhcles are cut into without 
being destro} ed, heat is not postponed or only slightly so 

The general conclusions reached are that procostrum and oestrus are 
due to an internal secretion of the ovary produced by the follicles during 
the pre inseimnal stage of development The secretion which is respon- 
sible for uterine and mammary hypertrophy during pregnancj and 
pseudopregnanoy is different, and is produced by the corpus luteum 
There is also an ovannn internal secretion which is responsible for mam 
taming the normal nutrition of the uterus and preventing it from lapsing 
into an infantile or atropine condition, and this is produced by the smaller 
folhcles or by the interstitial cells The three above mentioned ovarian 
secretions probably differ from one another quahtatively as well as 
quantitativ ely 

AVe are indebted to our laboratory assistant, Mr Tadman, for helping 
us with the above described experiments 

The expenses were defrayed bj a grant from the Ministry of Agriculture made to the 
Institute of Animal Nutrition 
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THE REGULATION OF RESPIRATION. Part I. 

By THOMAS LUMSDEN, M.D. (Abebp.). 

(From the Department of Experimental Pathology, Lister Institute.) 

In two previous artioles(l), four respiratory eentres were located, namely, 
the gasping centre at the noeud vital. Fig. 1 (5-G), the e.vpiratory centre 
just above this. Fig. 1 (4-5), the apncustic centre which gives rise to 
inspirator}' tonus (apneusis) and is placed at the level of the stri® 
acoustic®. Fig. 1 (3-4), and the pneumotaxic centre in the upper half 
of the pons. Fig. 1 (1-2), which produces respiration of normal type by 
periodically inhibiting apneusis. The present paper deals with the 
chemical, and afferent nervous, influences which regulate the activity of 
centres 1, 2 and 3, 

Gasping. The influences affecting gasping may best be studied after 
all the higher centres have died, or have been eliminated by section of the 
brain stem at level 6, Fig. 1. 



Fig. 1. Diagram of brain etem Bho\nng level of crucial sections. 

When investigating the chemical influences, it is best to employ 
continuous ventilation of the lungs with various gases, as indicated in 
my second article (i). Even so, if the brain stem has been divided at 
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level 5. tlie unsatisfactory circulation resulting from this section com- 
plicates matters: "while if such a section has not been made, it is difficult 
to be certain that the higher centres are completely out of action. This 
is a point of essential importance, since vagal stimulation, for instance, 
produces entirely different results on gasping, according as the higher 
centres are dead, or are simply in abeyance, so that they still retain some 
inhibitory power over the gasping centre. A good deal can, however, be 
learned from the study of gasping as it occiurs during apneustic respira- 
tion, since the gasping centre is then well nourished, and the normal 
inhibitory power of the higher centres can be much diminished by 
vagotomy. 

Although even after Section 6, gasping may continue for 15 to 30 
minutes, well controlled results are difficult to obtain. The blood- 
pressure, already low, is steadily falling, and the circulation through the 
noeud "vital is becoming more and more unsatisfactory. There is thus a 
constant tendency for Oj to be so seriously lacking, and COg to be so much 
in excess, that only when gasping is proceeding very briskly can we 
expect any increase of it by further diminishing Og, or increasing COg. 
More often, one is compelled to seek e^^dence by impro"vmg, rather than 
by aggravating the condition of the blood. Further, the activity of 
gasping often varies more in accordance "with the -vitality of the centre, 
than with an}’thing we can do to stimula"te. it. Hence it is only by very 
frequently repeating experiments in similar conditions, and by careful 
interpretation of the results, that conclusions of any cogency can be 
drawn. Some illustrative experiments may be given. 

When a dog whose brain stem had been severed at level 5, was made 
to breathe into a small closed space (football bladder) the rate though 
not the height of the gasping was markedly increased (from 8 to lOJ per 
minute). When oxygen alone was lacking (the animal breathing Ng 
through valves), again the gasping became rapid, but to a less degree 
(9 per minute). In each case the effect took about a minute to come on, 
and to pass off. The blood-pressure gradually fell when 0^ was diminished, 
and rose again slightly when air was supplied, but it never exceeded 
30 mm. Hg. The experiment indicates, that Og lack, even without excess 
of COg, stimulates the gasping centre, an observation strongly supported 
by a iiumber of other facts.- The s"fcimu]a"tion was stronger when CO 2 was 


at the same time in excess, but the more active state of the centre at 
the^bepnning of the experiment would to some extent account for this. 

Iii\an experiment on a cat whose brain stem was divided between 
levels d' and 5 (Fig. 1) the gasping centre was in good condition; here the 
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addition by continuous ventilation of 12 J p.o. of CO 2 and a further 2 p.c. 
of O 2 to the 73 p.o. of Oj previously employed immediately increased the 
rate of gasping BO p.o., from G to 9 per minute. Later, the response of 
the centre to various gases was negligible, which emphasises the remarks 
above made on the care ivith which conclusions must be drawn. When 
only 10 p.c. of oxygen was perfused through the lungs, the gasps did not 
quicken as might be expected, they simply began to fail from the 
lessening vitality of the centre, which somewhat improved again on 
73 p.o. O 2 , so that the gasping became more brisk and frequent. 

In a cat which died by circulatory failure due to excess of ether, 
though the heart could not be re-started, yet by constantly massaging 
it, sufficient circulation was kept going to rc-awaken gasjung after it had 
ceased for 13 minutes. At first artificial respiration with the pump and 
later continuous ventilation with CO 2 18 p.c., Oj 30 p.c. was carried out 
and gasping continued for half an hour. If during this period the cardiac 
massage was stopped gasping doubled in rate witliin 10 seconds and 
resumed its normal rate the instant massage was recommenced. This 
efiect must have been due to lack of O., since COj was in any case in great 
excess. The experiment also indicates the very rapid response of the 
gasping centre to changes in the circulation. 

Another observation of interest was made on a cat during recovery of 
respiration after compression of the vertebral arteries, one carotid being 
left open. Gasping had given place to apneuses with gasps superimposed 
(the vagi had been out previously) and later, respiration of normal type 
had been resumed, but with here and there a gasp superimposed on the 
inspiration. The animal was next made to breathe my expired air from 
a large bag (i.e. COj 5 p.o., Oj IG p.c.), the gasps increased markedly. 
Pure oxygen was now supplied, the superimposed gasps ceased within 
half a minute, leaving the respiration normal (Fig. 2). 

The rate of gasping lessens during and after artificial respiration, 
which confirms the evidence adduced above that the centre is influenced 
to some extent by the chemical composition of the blood. I have never 
been able to produce apnoea when the higher respiratory centres W'ere 
dead. It is found that even when in a fresh and healthy animal, the first 
cut is made at level 5, gasping occurs instantaneously, although there 
could have been no great impurity of the blood either in the way of Oj 
lack or CO, excess. Both these observations point to the gasping centre 
being when uninhibited either highly automatic or else sensitive to even 
moderate lack of Oj and excess of CO,. 

During apneustic respiration when gasps are superimposed on the 

6—2 



84 


T. LVMSDEN. 


apneuses, ttev can be made to lessen or disappear by supplying plenty 
of oxygen, and they increase again if oxygen is witblield. Here part of 



Fig. 2. Cat. In this and the folloiviiig figures, the upward line is inspiration, 
and the time tracing 5 sec. 


tbe effect is probably due to tbe increased or lessened inhibition of gasping 
by the strengthening or "weakening of the apneustic centre as the result 
of the free supply of oxygen or lack of it. In a particular instance of this 
sort the blood-pressure remained high, though gradually falling from- 
200 mm. to 160 mm. The gasps on the apneusis occurred on air breathing 
at a rate of 5 per minute at first; as oxygenation lessened this rate 
gradually rose to 8. When pure oxygen "was supplied the rate lo"svered to 
6, "n-hile whenHj was breathed the rate rose "to 10 and the apneusis ended. 

It is kno"vm that in man sudden powerful stimulation of almost any 
afferent nerve, especially if it causes pain, may evoke a typical gasp. 
Electrical stimuli applied "to the nceud \i"tal have a similar effect, so that 
the above results may depend partly on cerebral inhibition of the higher 
respiratory centres and partly on direct stimulation of the gasping 
• centre. 

\ The only nerve which, so far as I have seen, has any specific action on 
gasping is the vagiis; the nature of this action is not easy to investigate. 
Sikce Section 5 cuts off the main part of the vagal nucleus and its 
affwent fibres from the gasping centre, we are compelled to judge of the 
vaga\ effects in experiments in which a higher section has been made 
and "^roen it appears from the blood-pressure and type of breathing that 
the gasping centre alone surnves. Out of a great many experiments only 
haff a d^en or so seemed to me at all worthy of consideration. One may 
instance s cat in which, while pure gasping was occurring, the vagi were 
frozen, two convulsions occurred and then gasping continued at a 


Fig. 3. Cat. Effect of vagotomy during respiration; apneusis, (7. gasping. 


a convulsion resulted, and this was followed by pure gasping; stimulation 
of the vagi very definitely inhibited the gasping (cf. Fig. 4 c) subsequent 
section of the vagi at once stopped this inhibition and gasping re- 
commenced, though somewhat irregularly. In all cases where the higher 
centres were really dead, inhibition of gasping both in height and rate 
was the result of moderate vagal stimulation if it had any effect at all. 
On the other hand, if the apneustic centre was still ahve and was in- 
hibiting gasping, then vagal stimulation by inhibiting this centre released 
gasps, i.e. by inhibition of an inhibition (Fig. 4 6). 

If the vagal stimulation lowers the blood-pressure, this also will tend to 
increase gasping, just as stopping cardiac massage did in the experiment 
described above at p. 83. 
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In confirmation of tlie releasing effect of vagotomy on gasping is tlie 
fact that if during an apneusis, tlie vagi are cut, the efiect is generally 
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Fig. 4. Cat. Effect of vagal stimulation during A. respiration; B. apneusis; G. gasping. 

to heighten and lengthen the apneuses and to release gasps upon them 
(Kg. 3 6). The factors -which may conduce towards this result are the 
direct efiect of vagotomy on the gasping centre above mentioned and the 
increased chemical stimulation of gasping due to the prolongation of the 
apneusis. It is also a possibility that it is in response to vagal messages 
that the apneustic centre normally inhibits gasping. Indeed, whenever 
apneuses have gasps superimposed on them at regular intervals it may 
be concluded that either the vagi have been cut or that they are more or 
less out of action for the time being. 

It appears then that vagal impulses when acting directly on the 
gasping centre tend to inhibit gasps, while vagotomy releases them. As 
long as the apneustic centre is alive, however, these direct effects are 
obscWed by the facts that the vagus acts most powerfully on the apneustic 
and expiratory centres and that the former of these has a stronger direct 
effect ok gasping than the vagus has. Further, chemical stimulation of 
the gaspimg centre is more effective than vagal stimulation of it. Hence 
in the int^t animal vagal stimulation may release gasps in spite of the 
fact that tire direct specific effect of vagal stimulation on the gasping 
centre is inhi^tory. 


Fig. 6. Rabbit EfTeot of brcatliing excess of CO, during Aimciistlc respiration. Upper 
tracing from thorax, middic from abdomen. Lowest tracing = blood-pressure. 

apneueos heightened considerably above the base line (about 25 p.o. 
increase) and when air breathing was resumed the apneuses diminished 
again gradually, the length of the apneuses was not mnoli affected. 
Another noticeable effect was that the expiratory spasms increased 
markedly in intensity and slightly in duration (see Fig. 2 of my second 
paper(i)). This and many similar experiments indicate that excess of 
CO 2 increases the.excitability of (stimulates) both the apneustic and the 
expiration centres; it does not materially influence the duration of the 
apneusis. That variation in the duration of apneusis and not of expiration 
is the factor which chiefly determines the rhythm of breatliing is shown 
very clearly in Fig. 6 from the same rabbit. Here vagal stimulation during 
either phase at once caused its inhibition, but while by periodical stimu- 
lation as soon as apneusis was resumed (timing expiration) the whole cycle 
of movements could be accelerated so that a very good copy of normal 
respiration could be produced, periodical stimulation as soon as expiration 
had occurred (timing inspiration) merely eliminated the prolonged expi- 
ratory spasms ; it did not act "lerate the whole cycle, and the result was a 
series of prolonged apneuses xvith only momentary pauses between them. 
These observations confirm the view that apneusis is the natural tonic 
position, periodical inhibition of which produces normal respiration. The 
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active expiratory spasms are not tonic but tetanic; they are incidental 
and are not the basis upon vbicb respiration is normally built up. 



Fig. 6. Ckmtinuation of Fig. 5. Effect of vagal stimulation during apneustio respiration. 


The increase of the height of apneuses and depth of expiration due 
to COj excess is important since it explains the increased extent of the 
respiratory movements -which occurs when COg is present in too great 
amount during breathing of normal type. 

If during apneustic respiration oxygenation of the blood is slightly 
or moderately diminished, for instance when air is breathed through 
valves instead of pure Og , there is an increase in height and a decrease 
in length of apneuses which disappear when the pirre Og is given again. 
The outstanding effect of marked or intense oxygen lack is however due 
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to the resulting damage to the vitality of the centre. Fig. 7 shows how 
when H, was breathed the inspiratory tonus failed, giving place first 
to short feeble apneuses and soon convulsive expiratory spasms, and 
finally to gasps, the blood-pressure sank rapidly and death was only 
prevented by supplying 0, again, when recovery took place in the reverse 
order. 

The only elleot of Oo lack on the expiratory centre is to lower its 
vitality, it has no stimulant effect on expiration. 

I do not propose to review the very extensive literature on the elfect 
of the vagus. It is sufficient to state that the views of Hering and 
Br e u er (2), supported by H c a d (3) and others, are those generally accepted, 
namely that the vagi contain both inspiratory and expiratory fibres, 
stimulation of which gives rise to inspiration and expiration respectively. 
With the view so expressed I differ because I regard, as Gad (4) did, the 
afferent vagus as essentially inhibitory in its effects on respiration. 

COo appears to increase the excitability of all the respiratory centres, 
and if, during breathing of apnoustic type, it is administered with enough 
©2 to preserve the vitality of the centres, it stimulates both inspirotion 
and expiration, increasing the licight of apneusis and the depth of ex- 
piration. It seems likely, therefore, that if the vagi contained excitatory 
fibres for both inspiration and expiration, continuous stimulation of it 
would produce the same results as administration of excess of COj. 
This is not at all the case; momentary (or periodically repeated) stimula- 
tion of the vagi definitely cuts short (inhibits) both the inspiratory and 
expiratory phases of apneustic respiration; thus accelerating the rhythm 
but diminishing the amplitude of the respiratory movements (Figs. 4 a 
and 6). Excess of COj has just the reverse effect — ^increasing the ampli- 
tude and if anything slowing the rhythm of this type of breathing. 

Continuous stimulation of the vagus produces inhibition of apneustic 
phenomena, and since the tonic phase of this type of respiration is 
inspiratory, the vagal arrest shows itself in apnoea at the base line level. 
To obtain such an effect, it is necessary to employ continuous ventilation, 
otherwise the chemical calls become so strong as to overcome the vagal 
inhibition and short apneuses or gasps appear (Fig. 4 b). 

The only conclusion which seems possible is that, w’hile COj acts by 
exciting the respiratory centres, the vagus has the reverse action and 
inhibits such of them as it acts upon. 

Vagotomy during apneustic respiration (Fig. 3 b) lengthens and 
heightens apneusis and releases gasps so that they become superimposed 
on the inspiratory tonus. From a ventilation point of view this is 
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advantageous, so that while an apneusis without gasps lasts in the absence 
of continuous ventilation only for one to three minutes, an apneusis with 
gasps superadded was in one instance continued, for 13 minutes, and, 
indeed, it only ceased w'hen instead of Og was supplied. This does not 
indicate that vagal control of apneusis and gasping is a retrograde 
function, but rather that it is only a transitional stage towards respira- 
tion of normal type w'hich in the unnatural conditions under consideration 
does not happen to be advantageous. 

Vagotomy also releases and lengthens the expiratory phase of 
apneustic breathing, and expiration becomes spastic until the centre 
tires, as it generally does in five or ten minutes. 

If during apneusis the abdominal or thoracic parietes or contents are 
interfered with or irritated, inhibition and expiration result, and expira- 
tion may be similarly inhibited. This observation raises the possibility 
that deep sensibility has considerable respiratory importance. The 
trigeminus has no tonic action on respiration. If stimulated momentarily 
by blosving into, or irritation of, the nostrils or by electrical stimulation 
of the nerve or its cut cerebral end, the effect is immediate inhibition of 
apneusis. If the stimulus is intense or is continued for some time sneezing 
may result. Irritant gases if passed through the nose cause arrest of 
breathing till the chemical calls for aeration become irresistible. Section 
of the trigemini does not affect respiration if managed without injury to 
the pons. 

CoNCLtrSIONS. 

The factors which regulate the three lower respiratory centres are 
partly chemical (lack of Og and excess of CO 2 ) and partly nervous (vagal 
and trigeminal impulses mainly). 

(1) The gasping centre is stimulated by lack of Og, by excess of COg, 
and stimulation is most powerful when both these factors coexist. The 
specific effect of vagal impulses on this centre is inhibitory. Yet vagal 
stimulation may release gasps on certain occasions by inhibiting the 
apneustic centre’s tonic inhibition of the gasping centre. Vagotomy 
invariably tends to liberate gasps. 

(2) The expiratory centre is stimulated by excess of COg. Oxygen 
lack has no effect on it except to impair its vitality. Vagal stimulation 
inhibits expiration whde vagotomy releases and prolongs active ex- 

(niratory movements. 

V (3) The apneustic centre is stimulated by excess of CO 2 and much less 
effectively by moderate lack of Og. Severe lack of Og causes the tonic 
apneusis to fail and hence indirectly as well as directly liberates gasping. 



UESPIRATION. 


SI 


Vagal stimulation inhibits apnousis as it docs expiration. Thus, during 
either phase of the apneustic type of respiration, vagal stimulation in- 
hibits the existing phase and releases the reverse phase. In this u ay vagal 
impulses accelerate the rhythm of respiration and dimimsh the extent of 
the respiratory movements in both directions This is a tonic effect and 
hence vagotomy invariably slou s and deepens respiration 
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AN ERGOMETER ADAPTABLE FOR EITHER HAND- 
OR FOOT-MOVEMENTS. By E. P. CATHCART, 

G. M. WISHART and J. McCALL. 


{From the Institute of Physiology, Glasgow University.) 

The varieties of apparatus wliicli have been devised for the estimation of 
external work done are many, ranging from the simple hand dynamometer 
of Collin through the various forms of ergograph originated by Mosso 
to the bicycle type of ergometer of Atwater and Benedict, Krogh 
and Martin and the still more comphcated apparatus of Johansson. 
The simplest of the more complicated types of ergometer, which alone 
suffice for the determination of the energy expenditure during the per- 
formance of severe or prolonged spells of work, involving large groups 
of muscles, is the bicycle of Martin where, in place of the electro- 
magnetic resistance utilised by Benedict and by Krogh, a band 
frictional resistance connected with spring balances is employed. In 
the Johansson type, which, in contradistinction to the bicycle form, i^ 
used for arm movements, the work done is that of raising a variable weight 
through a given distance by pulling with both hands on a suitable handle. 
This apparatus has the particular merit that it serves for carrying out 
both negative and static “work” experiments as well as those with 
ordinary positive work. 

It was found in the course of a series of experiments, in which it was 
desired to vary the work done both as regards amount and rate in a given 
time and also to compare the arms and legs as effective agents in the pro- 
duction of external work, that none of the older patterns of apparatus 
sufficed. The apparatus now about to be described (see Fig. 1), which 
allows of wide variation in effort, was designed. A steel wheel turned 
all over measuring 1-5 metres in circumference by 2-5 cm. across the 
face and weighing approximately 22*7 kilo, is mounted on an ordinary 
rear wheel bicycle hub. This wheel is fitted on a heavy wooden frame 
1'7 m. long at the base made of well seasoned pine 8 cm. square with a 
cross supporting piece at the wheel end 1 metre long. On this floor- 
frame is built a rigid table 66 cm. long', 23 cm. broad and 57 cm. high. 
Fixed at the end of this table is a cast iron bracket in which are housed 
two heavy Hofmann ball bearings to carry the crankshaft. The cranks 
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are overhung and each has a slot 13 cm. long along which is fixed a milli- 
metre scale so that the crank pins can be adjusted to any required stroke. 



The maximum throw is 14 cm, giving a stroke of 28 cm. Attached to 
the crank shaft by a hub which slides along the shaft on a long key there 
are three driving sprockets of varjfing diameters which give three different 
gear ratios of 1:1, l:l-7 and 1:2-4. The mobile hub permits of any one 
of the three sprockets being brought into fine vith the sprocket on the 
fly-wheel hub, and when in position the hub is fixed to the crank shaft 
by means of a screw pin. The drive is through a roller chain which, in 
order to allow for the variation in the size of the crank shaft sprocket 
and so to maintain constant tension, passes over a tension .sprocket 
mounted on ball bearings. This tension sprocket slides in a slotted angle 
plate fixed on the table and can be set at any desired place. In order to 
ensure that the chain tension is the same in each experiment the whip 
of the chain, on application of a standard force (weight of 10 lbs.) at a 
definite point on the chain, is adjusted to a fixed amount. The type of 
gearing described was adopted so that the frictional losses ivith all gears 
would be approximately the same. On the top ‘of the table is erected a 
rectangular parallel steel frame between which is pivoted a steel arm 
to which are suspended two sensitive 5 kilo, spring balances with 19 cm. 
dials graduated in 20 grm. A piece of cord is attached to each balance 
and guided over two ball bearing aluminium pulleys to each end of the 
brake belt. The brake belt consists of a length of fine balata belting 
125 cm. long and 4 cm. broad, rendered pliable by treatment with v.ase- 
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another and each separately connected to the 250-volt hghting supply. 
In the field circuit was placed an ammeter and in the armature circmt 
an ammeter and voltmeter. 

The ergometer, by controlling the resistances of the motor, was 
adjusted to run at a certain speed as registered by the tachometer and, 
when running steadily at the selected speed, readings were taken of the 
voltage and current in the armature circuit. The driving belt from motor 
to ergometer was then removed and the belt of a very small spring dyna- 
mometer (registering loads up to 500 grm. and reading in 10 grm.) was ap- 
plied to the pulley of the motor shaft. By adjustment of the tension of the 
dynamometer band the former speed, armature current and voltage were 
exactly reproduced and when this was attained the dynamometer read- 
ings were noted. The current passing round the field coils was maintained 
at a constant value by the adjustment of a variable resistance in the 
field circuit using the field circuit ammeter as itidicator. 

The results obtained (in large calories per min.) are given in Table I 
and represent the energy expended in driving the machine unloaded at 
four difierent speeds with each of the operating mechanisms (levers or 
treadles) in position and under varying conditions of stroke and gear. 


Table I. 

Stroke (i.c. 
distance of 


connecting 



Revolutions pet minute of 

rod from 




ergometer fi 3 Tvheel 


centre of 

Operating 



— ^ 


\ 

crankshaft) 

mechanism 

Gear 

163 

117 

71 

31 

cm. 



cals. 

Cals, 

cals. 

cals. 

14 

Hand-lovers 

High 

•0573 

•0329 

•0175 

•0065 

10 

it 

tt 

•0573 

•0329 

•0175 

•0065 

5 

it 

tt 

•0544 

•0329 

•0175 

•0065 

14 

tt 

Slid 

•0573 

•0329 

•0142 

•0055 

10 

jt 

tt 

•0573 

•0350 

•0150 

•0065 

5 

tt 

tt 

•0516 

•0329 

•0150 

•0055 

14 

tt 

Low 

— 

•1275 

•0325 

•0109 

10 

tt 

tt 

— 

•0741 

•0275 

•0104 

0 

tt 

tt 

— 

•0391 

•0225 

•0087 

14 

Large treadles 

High 

•0573 

•0370 

•0125 

•0049 

10 


tt 

•0545 

•0329 

•0150 

•0049 

5 

tt 

ft 

•0516 

•0247 

•0125 

•0044 

14 

tt 

Slid 

•0745 

•0411 

•0200 

•0076 

10 

tt 

tt 

•0688 

•0370 

•0187 

•0065 

5 

tt 

tt 

•0688 

•0329 

•0175 

•0065 

14 

tt 

Low 

— 

•1070 

•0300 

•0109 

10 

tt 

ft 

— 

•0699 

•0225 

•0098 

5 

tt 

tt 

•0860 

•0535 

•0225 

•0087 

4-4 

Small treadles 

High 

•0487 

•0350 

•0175 

•0060 

4-4 

ff 

Mid 

•0516 

•0288 

•0175 

•0055 

4-4 

tt 

Low 

•0802 

•0494 

•0275 

•0120 
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It will be remembered from the construction of the apparatus that the 
higher the gear the fewer per flywheel revolution are the reciprocating 
movements of the hand levers or treadles. 

It will be observed from the tabulated results that in all cases the 
energy expenditure in driving the machine unloaded is negligible in com- 
parison with the energy output of the subject; a slight error either in 
the calibration or in the setting of the spring balances of the ergometer 
would result in a value being obtained for the work done which would 
differ from the true work by an amount very much greater than any of 
the values given in the above table. Further, the highest value recorded 
for energy losses in the machine 0-1275 cal. per min. was found under 
conditions wliich on account of the length of stroke and rapidity of 
movement would be impossible of human performance for other than 
the most limited periods. 

It will also be noted that as the gear ratio is lowered and consequently 
the speed of the reciprocating parts increased there is a general tendency 
for the energy required to drive the machine to rise. This is most notice- 
able in the case of the hand levers probably on account of their greater 
mass. 

Tho greater part of the expense incurred was defrayed by a grant from the Royal 
Society Government Grant Committee. 


PH. Lvm. 
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NERVE REGENERATION FROM ONE INTO THE 
OTHER OF TWO RATS UNITED IN SIAMESE 
PAIRS*. By B.MORPURGO. 

{From the Institute of General Pathology, University of Turin.) 

Ip two rats are united parabiotically no nervous connexions are formed 
between them. The following experiments have been carried out in order 
to verify if this was due to the incapacity of the nerves of one individual 
to grow into the other. For this purpose artificial nervous connections 
were made in Siamese pairs of rats. 

The cut end of the proximal stump of the right sciatic nerve of the 
left-hand rat was brought into apposition, with the cut end of the distal 
stump of the left sciatic nerve belonging to the right-hand rat, whilst the 
proximal portion of this nerve was tom away from its roots. Out of 
38 operated pairs 19 supplied suitable material for study. Of these pairs 
six are still alive, the others have been utilized for histological research 
on the regeneration of the nerve at different stages between the 7th and 
the 374th day. The specifnens of nerves were prepared by Cajal’s reduced 
silver method, whilst those of nerve-endings in the muscles were impreg- 
nated by Buffini’s gold-chloride method. On the 7th day the connected 
nerve stumps were surrounded by recent granulation tissue. Many newly 
formed fibres w'ere seen growing out from the axis-cylinders of the central 
stump. They had nearly reached the proximal end of the peripheral 
stximp, partly wandering into the granulation tissue. This picture is 
exactly the same as that of the regeneration of a nerve in a single rat. 
Already on tie 9th day, neurotization of the peripheral stump had started: 
some -very fine filaments, originated from the central stump, had pene- 
trated nearly as far as I* mm. into the peripheral stump. At the succeed- 
ing stages the newly formed fibres had advanced in the various pairs of 
rats more or less rapidly. On about the 20th day they had attained the 
cavus poplitaeus. Between the 45th and the 60th day they had reached 
the periphery, where they formed new end-organs. 

Later on the nerve fibres arrange themselves into bimdles and some 
of them increase in size. From the gluteal branches of the left-hand rat, 

* Living animals, specimens and drawings regarding the subject were shown at the 
International Congress of Physiology, Edinburgh, July 23-28, 1923. 
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which were cut in order to prepare the proximal stump of the sciatic nerve 
and to bring it into opposition with the distal stump of the right-hand rat, 
new fibres sprout out and grow along the sciatic furrow. Little by little 
these fibres reach the stumps of the tibial and peronaeus nerves of the 
left-hand rat. Therefore the sciatic trunk of the left-hand rat sends 
branches both into the leg of the right-hand rat and into that of the left- 
hand one ; a nerve path in the shape of a Y turned upside down is formed 
which, from the legs of both rats, reaches the spinal cord of the left-hand 
rat. The regeneration of the nerve-endings takes place in both rats. The 
regenerated motor-plates are superabundant and irregular; many musole- 
fibres possess three or oven more plates arising either from different nerve- 
fibres or from branches of the same fibre or from secondary fibres arising 
from a plate. There are frequently manifold and complicated anasto- 
moses between plates belonging to the same or to different muscle-fibres 
and even end-plates have been observed which were attached half to one 
muscle-fibre and half to an adjacent one. There are many large and many 
small plates. Jluscle-spindlcs and neuro-tendinous organs also regenerate; 
terminal expansions in these last organs are imperfect and sometimes 
altogether missing. 

In unequal Siamese pairs of rats the activity of nerve regeneration 
depends upon the nutrition of the organism which supplies the regene- 
rating fibres and is not remarkably influenced by the nutrition of the 
organism in which the newly formed fibres penetrate. 

Physiological experiments show that after one month and a half 
motility, sensibility and reflexes appear again in both legs; the contrac- 
tion of the muscles in the leg of the right-hand rat can be caused by 
stimulating the sciatic nerve of the left-hand rat near the issue of the 
nerve from the pelvis ; after two months and a half crossed reflexes also 
appear; by exciting the sole of the foot of one rat contractions of muscles 
innervated by the sciatic nerve belonging to the other rat are caused : at 
the third month crossed reflexes arc obtained from the left-hand rat in 
the right-hand one, by stimulatmg the root of the tail, the scrotum and 
also cephalic portions such as the ear. 

It has not yet been possible to prove that movements of the leg of 
the right-hand rat are accomplished by the will of the left-hand one. 
Long after the operation there is a severe atrophy of the muscles of the 
legs and especially of those of the right-hand rat, very likely from lack 
of use. 

If only one of the principal branches of the sciatic nerve, for instance 
the poplitaeus or tibialis, belonging to the left-hand rat was out and con- 

7—2 
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Bected •witli the whole peripheral stump of the sciatic nerve of the 
right-hand rat, the crossed reflexes from this to the other rat appear at 
the same time as the reflexes in the same individual, whilst those from 
the left-hand to the right-hand rat appear one month later. The reflex arc 
for reflexes in the same individual is re-estahlished sooner than the arc 
for those crossed reflexes .which involve a regenerated motor path and 
at the same time as that for those crossed reflexes which involve an 
undamaged motor path. 



A COMPARISON BETWEEN THE COLORIMETRIC AND 
THE ELECTROMETRIC METHODS OF DETERMINING 
THE HYDROGEN ION CONCENTRATION OF BLOOD. 

By RUTH CON WAY-VERNEY, M.R.C.P. and 
L. E. BAYLISS, B.A., Michael Foster Student. 

(From the Physiological Laboratory, Cambridge.) 

Evans(5) found that the hydrogen ion concentration of blood and 
sodium bicarbonate solution as determined by the dialysis method of 
Dale and Evan8(3) was pK 0-2 greater than that of the same solution 
imder the same conditions as determined by the hydrogen electrode. 
After excluding various possible explanations such as loss of COj during 
dialysis, he came to the conclusion that the error lay in the hydrogen 
electrode, and that the platinum black on it catalyses a reduction of the 
COj present in the gas atmosphere to formic acid. In view of the fact 
that the hydrogen electrode is usually regarded ns the standard in all 
measurements of hydrogen ion concentration, it seemed desirable to 
repeat Evans’ experiments. 

Several workers have already pubh'shed experiments on this prob- 
lem, notably Cullen and Hastings(2) who found a perfect agreement 
between indicator and electrode in the case of bicarbonate solutions; 
they did not perform any experiments on blood. Warburg(U) points 
out that Evans’ explanation of his discrepancy is wrong, since his values 
of pKi (the constant in the Henderson-Hasselbalch equation) arc not 
dependent on the COj tension. He has found, moreover, that the com- 
bined CO 2 in an alkali bicarbonate solution docs not decrease when the 
solution is treated for half an hour or more mth hydrogen in the presence 
of platinum black. These, together with other reasons, led Warburg 
to the conclusion that Evans allowed the hydrogen in contact with his 
electrode to become contaminated with oxygen. Indeed, Evans admits 
in the paper referred to, that sometimes his gas contained oxygen ; and 
the technique which he used would make it very difficult to avoid this. 

Cullen and Hastings(2), and Chambers(i), on the contrary, ascribe 
the discrepancies observed in the determination of the cH of blood to 
the unequal distribution of ions across the dialysis membrane, appa- 
rently regardless of the fact that this phmtUlTTOnum^^Jje ruled out as of 
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no importance both (a) from tbe fact that tbe same discrepancy was 
observed by Evans in bicarbonate solutions, where no dialysis was per- 
formed, as in blood which was dialysed, and (b) by calculation from the 
thermodynamic expression derived by Donnan(4) which shows that 
the difierence in cH across the membrane is far smaller than that to be 
accounted for. Taking the indiffusible (protein) ion concentration as 
ilf/100 and the diffusible ion concentration as ilf/10, the distribution 
ratio of diffusible ions between the outside and the inside of the mem- 
brane is 1-1; or, if the pH outside is 7*00, it will be 6-96 inside. This 
difference is hardly, if at all, outside the limits of experimental error 
even in the most advantageous circumstance.s, and the true value is 
almost certainly smaller than this. 

A direct experimental proof of the unimportance of the “Donnan 
effect” in this connection has recently been published by TaylorUO), 
who measured the potential difference across the membrane during 
dialysis. It is clear from his observations that no p.d.’s greater than a 
few millivolts exist across the membrane unless it has become stained 
with hemoglobin. As A. V. Hill(S) has shown, there can be no difference 
in ion concentration across a membrane without a corresponding poten- 
tial difference, whether it arises from a Doiman equilibrium or in any 
other way. 

Technique. Since it is essential that the blood exposed to the electrode 
should be completely reduced, while that in the dialysis membranje is 
unavoidably completely oxidised, imless special, rather complicated 
methods are employed, we came to the conclusion that it wordd be best 
to work the two experimental methods more or less independently. The 
general procedure was, therefore, to saturate a sample of sheep’s blood 
(with 1 c.c. 0-5 p.c. sodium fluoride added to 10 c.c. blood at the time 
of shedding) in a tonometer with air containing a known tension of COj. 
This latter was estimated by a sample of gas taken from the tonometer 
after the removal of the blood, in case any COj taken up by or lost from 
the blood should have altered the original tension, the COg pressure 
required, of course, being that after equilibrium had been reached. A 
second sample was reduced in vacuo and saturated with hydrogen con- 
taining a known tension of COj in the electrode vessel; the first lot was 
used for the colorimetric estimation and the second for the electrometric. 
In this way a cH — CO, tension curve was built up containing both 
colorimetric and electrometric points. If the one straight line satisfied 
both sets of points, after the necessary corrections had been made, the 
agreement between them is vindicated. 
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A. Ekclromctric. An ordinary set-up was used consisting of a Clark 
electrode vessel, a saturated KC! bridge, and a saturated KCl calomel 
half-cell. This whole set-up was placed inside a constant temperature 
air-bath, and was standardised by means of Michaelis’ (7) standard acetate 
using the values given bj' him for the potential against a saturated calomel 
half-cell. The hydrogen was generated electrolytically, passed over 
saturated potash, and, at first over a wire kept incandescent electrically. 
No difference could be detected, however, in the values obtained for the 
potentials whether the wire was glomng or not, so its use was dis- 
continued. In view of the extreme importance of traces of oxygen and 
the possibilities of leakage in the apparatus the glowing uire has been 
reinstated. 

The CO 2 was added to the hydrogen in a large aspirator over saturated 
calcium chloride, a sample taken during the saturation of the blood in 
the electrode vessel and anal 3 'scd in a Haldane apparatus. To save time 
and to avoid as far as possible bringing the electrode into contact with 
oxygen, the blood was given a preliminary reduction in vacuo. 9 p.c. 
was added to the cH readings so obtained (= — 0 04 pH) in order to 
correct for the change produced by reduction of the blood (Parsons (8)). 

It occurred to us that we should avoid errors which might possibly 
arise by comparing reduced blood in the electrode vessel with oxygenated 
blood in the dialysis membrane, by using CO blood. The results obtained, 
however, were very acid and at first we attributed this to an effect of the 
CO on the electrode causing it to be depolarised; tin's has since been 
shown to be incorrect, and the errors were found to be due to the presence 
of about 3 p.c. of oxygen in our sample of CO. 

B. Colorimetric. The method used for these determinations was sub- 
stantially that described by Dale and Lovatt Evans(3). The apparatus 
comprised a semi-permeable membrane attached to a vrdcanite top which 
is corked immediately after the blood is run in to prevent loss of COj. 
The blood is dialysed against a 0-9 p.c. saline solution contained in 
a hard glass comparator vessel with a ground glass flat bottom which 
can be used in a Dubose colorimeter. Since it has been shown by 
Taylor(iO) that a permanent potential difference of about 10 millivolts 
may be obtained with membranes stained with htemoglobin, or used too 
often, our membranes were soaked for at least 48 hours in 50 p.c. 
alcohol before filling with blood. They were soaked in alcohol for a week 
more after testing for leaks and permeability, and unshed thoroughly 
with distilled water. Four, five or six membranes were filled directly from 
the tonometers in which the blood had been equilibrated at various CO 2 
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tensions, and the mean of these dialysates taken. It was found that the 
readings varied to a lesser degree if dialysis was allowed to proceed for 
at least 30 minutes, not 16 as originally suggested, and were frequently 
identical. 0-02 p.c. neutral red, 0-02 p.c. phenol red and 0-02 p.c. cresol 
red were all used as indicators and the amount (six drops) was strictly 
measured as variations in this were found to cause distinct differences 
in colour and a corresponding error in amounts of standard pH solution 
used in titrations. Control observations where all three indicators 
were used on the same solution gave readings -02 to *04: pH more 
alkaline with neutral red, *02 pH more alkaline with phenol red, and 
agreement in nearly every case with cresol red, when compared with the 
electrometric readings. In later observations, therefore, cresol red was 
used. 

Corrections for the salt error of the indicator were not made in these 
observations as -05 p.c. of sodium fluoride was the only salt added to 
the blood and the values to be used in such relatively weak solutions are 
by no means generally agreed upon. The solutions used as standards were 
the phosphates recommended by Sorensen ( 9 ) and given by Dale and 
Evans ( 3 ); they were checked by the hydrogen electrode before being 
used. 

As already stated, it was not possible in the majority of cases to 
compare readings on blood equihhrated at the same tension of COg. In 
the few cases recorded in Table II a sample of blood was run directly 
from the electrode vessel into a dialysing membrane, after the electro- 
metric determinations had been made. It was never possible to fill more 
than one membrane, however, so the agreement between the electrometric 
and the colorimetric readings may be regarded as good, except in the case 
of the CO blood, in which case the discrepancies have been accounted 
for. 

Results. These are recorded in the figures and some typical results 
given in the tables at the end. 

\The agreement between the electrometric and the colorimetric 
memods is all that could be desired in the case of the -02 M sodium 
bicaroonate solution, but the values obtained for blood show rather 
greater variations. It can readily be seen, however, that the points given 
by the electrode are well interspersed among those given by the indicator 
and that there is not the systematic difference between them found by 
Evan'.^. 

In order to make the drawing of the mean line through the points on 
Fig. 2 easier and to demonstrate our results in tabular form, we have 





Fig. 2. cH - COj tension curve of sheep’s blood. The colorimetric readings are indicated 
by crosses and the electrometric by dots; the shape of the figure around the crosses and 
dots indicates the specimen of blood used^ as follows : 

Sample.4 = A. B=V. ■S = 0* Mean8 = «andx. 



ON A POSSIBLE RELATION BETWEEN THE 
PANCREAS AND THE PARATHYROIDS. 

By L. B. WINTER and W. SMITH. 


{Prom the Biochemical Laboratory, Gamhridye.) 

It is knowu that removal of one or more of the parathyroid glands from 
animals results in a lowering of the tolerance for carbohydrate. Total 
parathyroidectomy results in a condition of tetany, which is relieved by 
injection of calcium salts, or administration of parathyroid extract. The 
mechanism by which the parathyroids influence carbohydrate meta- 
bolism is unknown. The fact that adrenaline and thyroid extract have 
been found to raise the blood sugar of rabbits in such a manner as to 
maintain the normal ratio, copper reducing to polarimetric value 
suggested that the parathyroids might exercise some function on the 
carbohydrate -metabolism in conjunction with another ductless gland. 
In the following experiments parathyroid tablets 1/10 grain (Parke Davis) 
were employed. Rabbits were used throughout. 

The possible effect of injection of parathyroid extract on the blood 
sugar of normal animals was first studied. Tbe injections were ^ven 
either subcutaneously or intravenously. Three to four tablets, depending 
on the size of the animal, were ground up in normal saline, lightly 
centrifuged, and the supernatant fluid injected. Blood sugar determina- 
tions were made by Bang’s old method. Injection of parathyroid alone 
was found to be without appreciable effect on tbe blood sugar. It was 
found, however, that injection of parathyroid extract into animals 
suffering from hypoglycsemic convulsions due to insulin, had a very 
marked effect. The animals quickly became rigid and died in a few 
n minutes. We have previously found that animals can remain in a 
bic^e indifcmmic condition, with intermittent convulsions, for a consider- 
great^rrodriod, and then be recovered with the aid of glucose. It seemed 
by tl^e elt T that the action of the parathyroid extract was to augment that 
and that \h)ulin. It was possible that a very much smaller dose of insulin 
Evans. etiuce convulsions in a rabbit to which an injection of para- 
In order i n’act had been previously given. The following experiments 
Fig. 2 easier AC formed to test this point. The same batch of crude insulin 
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was used throughout. For another purpose it had previously been 
necessary to cause convulsions in a large number of rabbits. The normal 
dose necessary to cause convulsions in a rabbit of 2 kilos, in two to three 
hours had been found to be between 30 and 40 mg. Less than 30 mg. 
of this sample had never caused convulsions in a healthy rabbit of a 
similar weight — starved for 24 hours. This period of starvation before 
injection is a routine procedure. An extract of three to four parathyroid 
tablets in normal saline was injected subcutaneously or intravenously. 
Ten minutes later 10 mg. of insulin was injected subcutaneously or 
intravenously, depending on the method employed for the parathyroid. 
'Vith intravenous injection of both gland extracts convulsions occurred 
!ry rapidly. The effect was slower after subcutaneous injection of 
rathyroid and insulin, but convulsions were readily induced following 
^<8 small amount of insulin. Control experiments showed that 10 mg. 
^'^tmsulin alone had only a moderate effect on the blood sugar, ns would 
^ fjj'xpected from our previous results. When convulsions were caused by 
ction of parathyroid and insulin complete recovery always occurred 
''\jDwing subcutaneous injection of glucose. Recovery appeared to be 
jy f^^cker than in the .case of those animals which had been convulsed by 
^ulin alone (30-40 mg.). This is perhaps to bo e.xpected since there is 
such an e.xoess of insulin remaining in the animal when convulsions 
5i , - J ur. The effect of parathyroid extract on the ratio of copper reducing 
rty ' jj polarimetrio value of the blood sugar was studied, but no ratio outside 
pa’.vthe variation normally met with in the rabbit was observed. 

y Summary. 

After a preliminary injection of parathyroid extract into rabbits, 
convulsions are induced following 1/3 to 1/4 the normal dose of insulin. 

We wish to thank the Department of Scientiho and InduBtrial Research (W.S.) and 
the Medical Research Council (L.B.W,) for pereonal grants held during the course of this 
work. 
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PROTOCOLS. 


R. 3-0 kg. 

Time 

Blood sugar 
o/ 

/o 


10-30 

•10 

Injected avith four 
parathyroid tablets 

i0-4o 



.12-30 

•10 


3-00 

•11 


o-OO 

•11 


R. 2-2 kg. 


Injected with three 

10-30 

•12 

parathyroid tablets 

10-50 

— 

10 mg. insulin 

11-00 

— 


12-00 

•07 


12-30 

Convulsions 

•05 

Glucose injected 

12-45 

— 

Animal eating 

12-55 

— 

2-30 

•14 


6-00 

•12 


R. 2-1 kg. 

Time 

Blood sugar 
0/ 

/o 


10-15 

•11 

Injected with 

10 mg. insulin 

10-30 

— 

12-00 

•09 


1-15 

•08 


3-00 

•10 


4-30 

•10 

B. 2-6 kg. 


10-00 

•09 

Four parathyroid 

tablets 

10-15 

— 

10 mg. insulin 

10-25 

— 

11-30 

•05 


12-00 

Convulsions 


12-10 

•04 

Glucose inj. 


12-15 

Eating 


1-15 

•09 


2-30 

•11 


Polarimetrio readings on 
successive days (B.) 

Rabbit, three tablets parathyroid intra- 
venously, killed 10' later (47 c.c. blood) -01, -04, ’05, -07 

Rabbit, three tablets parathyroid subcu- 
taneously, killed 15' later (67 c.c. blood) -08, -10, -ll, •!! 


Copper reducing 
value (B.) 

•07 


•11 





THE REGULATION OF RESPIRATION. Part II. Normal 
Type. By THOMAS LUMSDEN, M.D. (Aberd.). 

(From the Department of Experimental Pathology, Lister Institute.) 

The generally accepted view is that, as insisted on by Haldane and 
his co-workers (I), COj and possibly other fatigue products, e.g. sarcolactio 
acid, are the normal stimulants of the respiratory centres. Thus a rise 
of 0-2 p.c. of CO 2 in the alveolar air, doubles the pulmonary ventilation, 
while Oj lack does not increase the respiratory rate until the atmospheric 
Oj falls below 13 p.c. With regard to the influence of the vagus, opinions 
vary somewhat, but most authorities favour Head’s conclusions (2) 
that the vagi contain two sets of fibres, one increasing the activity of 
the inspiratory part and the other increasing the activity of the ex.- 
piratory part of the respiratory centre. Head confirmed Hering and 
Breuer’s view that dilation of the lungs, however produced, promoted 
expiration, while whatever caused contraction of the lungs inhibited 
expiration and produced inspiration. F. H. Scott(3) stated that after 
vagotomy excess of CO 2 or great diminution of O 2 increases the depth 
but not the rate of breathing. Prohably all physiologists agree that 
vagotomy invariably causes the breathing to become deeper and slower. 
Everything I have noticed has confirmed the view supported by Ha Ida n e 
and others, that the amount of COj in the blood is the normal respiratory 
stimulus. 

In previous communications(4) I have put forward evidence to in- 
dicate that natural quiet breathing results from periodic inhibition of 
prolonged inspiratory tonus, through the rhythmical activity of the 
pneumotaxic centre in the upper half of the pons. My view is that the 
excitability of this centre is raised by the H-ions circulating through it, 
till it reaches a certain point at which discharge occurs, giving rise to 
an impulse which inhibits momentarily the inspiratory tonus (apneusis). 
The moment after discharge the excitability of the pneumotaxic centre 
may be supposed to be at its lowest level and it rises under normal 
conditions more or less quickly in accordance with the amount of CO, 
in the blood till the next discharge occius. In accordance with this view 
■ the rate of respiration depends primarily on the pneumotaxic centre 
while the amplitude of the breathing, i.e. the amount of air taken in 
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and expelled at eacli breatli, depends on tlie stimulation of the apneustic 
and expiratory centres which both respond as indicated in my previous 
paper to the percentage of CO 2 in the blood, while the apneustic 
centre alone is stimulated also to some extent by serious lack of Oo 
(10 p.c. or less). It will be apparent that if these views are correct, then 
even after vagotomy, excess of COg should be able by its effect on the 
pneumotaxic centre to increase the respiratory rate. The methods 
employed were those described in my previous papers. As a routine 
method of recording respiratory tracings I prefer the use of abdominal 
and thoracic tambours to the diaphragm slip method. A good deal 
of the effects seen when nsing Head’s method are I thinlc adventitious, 
and misleading. 

Since I have shown (4) that apart from the vagi the rhythm of 
breathing depends chiefly upon the pneumotaxic centre, Scott’s con- 
clusion referred to above would point to that centre being, as far as 
acceleration is concerned, unresponsive to the amount of COg which 
circulates through it. In a series of experiments I investigated this 
point before and after vagotomy, in intact ansesthetised animals (cats 
(cf. Fig. 1, Pt. I) and rabbits), and also in animals whose brain stem was 
divided at level 1 ; the results obtained appear in Tables I and II and 
are illustrated in Figs. 1, 2 and 3. In some cases continuous ventilation 
was used but generally the animal breathed the excess of COg or lack 
of Og through valves. 

The effect of breathing an excess of COg shows itself in the intact 
animal (cat) by a sequence of events which is very characteristic and 
constant (Fig. 1). First for |-1 minute, the inspiratory tracing pro- 
gressively increases in height (apneustic centre stimulated); at the end 
of this period the expiration deepens and becomes active (expiratory 
centre stimulated). The rate of breathing now begins to increase con- 
tinuously (vagus and pneumotaxic centre stimulated), untU the limit 
of maximal response is reached in 2 or 3 minutes. Provided that a 
sufficiency of Og is supplied, respiration continues at this level for a 
long time without apparent harm, even when large amounts (over 20 p.c.) 
of COg are employed. Thus in a typical experiment, a rabbit (normal 
respiration 65 p.m.; pulse rate 260 p.m.; blood-pressure 140-150 mm.) 
breathed 30 p.c. COg with 25 p.c. Og for two hours, at the end of- which 
time there w;as*hyperpncea of normal type (resp. 48 p.m.) the heart-beat 
was slower (liiJO p.m.) but stronger, and the blood-pressure was steady 
and high (150 muti.)- The excessive amount of COg maintained a moderate 
anffisthesia withou t continued administration of ether. The COg was now 
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increased to GO p.e. and the Oo to 40 p.c. Anscsthcsia became very deep, 
the respiration very slow (12 p.m.) and the heart-beats, though regular 



Fig. 1. Fig. 2. 

Figs, land 2. Cat. Thoracic tracing. Pig. J. Effect of breathing 18 p.c. CO,. Vagi intact. 
Time tracing 5 aecs. Inap. up. Fig. 2. Vagi froren during inhalation of 2ff pc. CO,. 


and very powerful, were infrequent (Cl p.m.). After ten minutes the 
blood-pressure fell progressively to 40 mm. The 30 p.c. COj mixture 
was then re-administered and recovery was rapid and complete. The 
vagi were now frozen, causing slowing (15 p.m.) and deepening of 
breathing, but the heart-beat and blood-pressure (now 100 mm.) remained 
satisfactory for over an hour. Breathing the GO p.c. COj mixture noW' 
evoked short apneuses, tvith prolonged (20 see.) e.xpiratory phases 
between the apneuses. The blood-pressure fell gradually, but when 
after ten minutes the 30 p.c. COj mixture was re-supplied, recovery 
again took place, the blood-pressure rising again to 100 mm. 

Similar results were obtained in cats, so that we may conclude that 
respiration of COj does not prove rapidly detrimental till its concen- 
tration is over 30 p.c. When yet higher percentages are inspired they 
probably prove harmful by paralysing the central nervous system from 
above downwards, like overdosage with any other anfosthetic. Death 
in asphyxia must therefore result solely from lack of oxygen. When 
after a short inhalation of COj (2-15 minutes) air is re-admitted freely, 
the inspiratory and expiratory increases rapidly lessen concurrently, 
but for a minute or two the rate of breathing may continue to increase 
as it gets shallower (Fig. 1). 

In ten cats breathing from 6 to 20 p.c. of CO» the rate of breathing 

8—2 
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increased from an average of 24 to an average of 36 per min., i.e. a 50 p.c> 
increase. The rate soon after the re-admission of pure air was 25-6 p.m., 
the height of the tracing (by no means a reliable index of the amplitude 
of the breathing) increased to between two and three times its original 
amount. 

In seven experiments the vagi were divided during COg dyspnoea 
(Fig. 2). Table I shows the results. 


Table I. Effects of vagotom 3 ' during respiration of excess of COj (Cat). 
The figures give the respirations per rain. 







Rate 

Rate after 


Rate 






on CO, 

vagotomy 


after 



Rate 

CO, 

0, 

before 

on CO. 


vagotomy 


Exp. 

on air 

o/ ' 

/O 

Of 

/o 

vagotomy 

at first ' 

Later 

on air 

Brain stem divided 

1 

40 

51 

22 

50 

16 

28 

18 

at level 1 

2 

48 

7' 

30 

60 

12 

12 

12"' 


3 

18 

13 

27 

24 

4 

4 

4t 


4 

18 

16 

50 

28 

18 

22 

24 

Brain stem intact 

5 

18 

10 

30 

18 

11 

12 

13 


G 

33 

10 

30 

42 

21 

27 

15 


7 

28 

20 

30 

30 

14 

26 

16 


* Paraffin injection. ■]• Pneuraotaxic centre damaged. 


The average rate before inhaling COg was 29, at the moment before 
vagotomy the rate was 36, for half a minute, thereafter it was 13'7; 
tliis rate then increased again to 18’7; when air breathing had been 
resumed for some minutes the rate fell again to 14*6 per min. 

In a series of ten cats breathing various percentages of CO 2 after 
vagotomy had been performed the average, fignres before, during and 
after COo inhalation were 13*8, 19*7, 15*1 respectively, the proportionate 
increase during the experiment was 42*8 p.c., so that the respiratory 
rate increased nearly in the same ratio after vagotomy as before, though 
the actual rates were all much slower. The individual figures in this 
series are shown in Table II and Fig. 3. 


Table II. After vagotomy effects of breathing excess of COj (Cat). 






Resp. 
per jnin. 

Resp. on 

Resp. after 

Exp. 

Brain stem 

CO, % 

O V 

on air 

CO, 

on air 

8 

Intact 

5 

16 

10 

24 

15 

1 

Level 1 


22 

18 

26 

20 

9 

— 

10‘ 

30 

12 

14 

14 

5 

Intact 

10 

35 

13 

14 

12 

6 

Level 1 

10 

30 

IS 

24 

20 

10 

Intact 

12i 

27 

17 

28 

22 

11 

Level 1 

12J 

30 

8 

10 

9 

12 

— 

16 

50 

12 

13 

8 

13 

Intact 

18 

30 

15 

20 

15 

7 ’ 

Intact 

20 

30 

16 

24 

16 


Exps. 1, 5, C, 9, were on cats referred to in Table I. 
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From these experiments it is plain that using percentages of from 5 
to 20 p.c. of COj every animal showed a distinct power to increase the 



Fig. 3. ” ilg. 4. 

Figs. 3 flnd 4. Cat. Thoracic, abdominal and blood-prcssnrc tracings. Vagi cut. Fig. 3. 
Decerebrate inhalation of S-C p.c. CO.. Fig. 4. Inhalation of 2-5 p.c. 0* and later of 
10 p.c. COj. 

rate of breathing as well as the depth, except Exps. 2 and 3 in Table I, 
and in each of these the pneumotaxic centre was known to be seriously 
damaged. There seems then no doubt that the pneumotaxic centre 
when healthy can, without the aid of the vagus, increase the rate of 
respiration. As explained above (while treating of the effect of vagal 
influences during apneustio respiration) the vagus constantly diminishes 
both the height of inspiration and the depth of expiration and thus 
tonically quickens the breathing and renders it shallower, so that 
vagotomy slows and deepens respiration at its apneustio sources whether 
the chemical calls for hyperpnoea ore great or small. The finer vagal ad- 
justments are, however, probably effected through the pneumotaxiccentre. 

In almost all my experiments the increase of rate after vagotomy 
took over a minute to appear, and often two minutes to declare itself 



116 


T. LUMSDEN. 


fully. Tlie same is not infrequently the case when the vagi are intact, 
Bince in his article (p. 307) Scott states that “although the animals 
breathed these mixtures usually for less than a minute the rhjiihm is 
given in so many per minute,” it is not surprising that he usually found 
no increase of rate after vagotomy. Scott’ s animals were all chloralised 
(p. 304) ; this is not nearly so satisfactory as decerebration since chloral 
depresses the excitability of the pneumotaxic centre. Thus any increase 
of rate was apt to be vagal, and to cease after vagotomy. He also omits 
to mention the rate of respiration after the experiment. The above points 
explain the difference between Scott’s negative results and my positive 
results. 

The effect of breathing low percentages of O 2 was investigated. It 
was found that, as stated by Haldane and others, very httle change 
was seen in the respiration till the Oj became less^han 12 ox even 10 p.c. 
When an animal breathed 8 p.c. O 2 before vagotomy the rate increased 
from 20 to 23 per min. After vagotomy the figures were 16 and 19 re- 
spectively. There is a much greater increase in the amphtude of the 
breathing after vagotomy, which corresponds with the slower rate. The 
increase is entirely inspiratory and as shown in my preceding paper is 
due to stimulation of the apneustic centre. 

Vagotomy performed during respiration of Hg pure or of 2|- p.c. 
of O 2 , increases the height of the inspiratory tracing enormously; the 
rate remains almost unaffected. Active expiration does not occur. The 
purely inspiratory effect of O 2 lack after vagotomy is particularly well 
seen in Fig. 4, and the difference of the dyspnoea due to O 2 lack and that 
resulting from excess of CO 2 is apparent. 

After vagotomy O 2 lack is as one would expect even more rapidly 
fatal than usual. In a cat in which after vagotomy, CO 2 excess did not' 
increase the rate of breathing there was marked quickening of the respiration 
when O 2 was concurrently lacking, and in this experiment it appeared 
that the increase of rate coincided with diminution in depth of breathing, 
an evidence of apneustic failure with a stiU effective pneumotaxic centre. 

The SotTRCE of Vagal Respiratory Impulses. 

A large number of experiments (over 100) were made on cats and 
rabbits with a view to determining the origin of the vagal impulses 
affecting the respiratory centres. The methods of investigation employed 
were chiefly closure of the trachea at every phase between full inspiration 
and full expiration, both before and after vagotomy, and during powerful 
positive and negative ventilation. 
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Closure of the traehca. 

Vagi inlacl (Fig. D). (a) If the closure is effected at the height of 
inspiration (insp. v.i.) at- 
tempts to empty the chest 
so as to regain the zero 
position of pressure and 
distention (t.e. expiratory 
efforts) predominate. Since 
the chest was full when 
closed, lack of oxygen does 
not play much part in the 
immediate effects observed. 

(6) Closure at the mo- 
ment when the chest has 
been emptied by expiration 
(exp. v.i.) produces more 
complicated effects. First 
the respiration becomes slow 
and the inspiratory rises on 
the tracing have rounded 
apices. After half a minute 
or so, each inspiration ends 
in a gasp. Soon the apneu- 
stic part of the inspiration 
lessens, the superimposed 
gasp increasing pari passu. 

After a minute only gasps 

interspersed with expiratory Cats. Closure ot the trachea m different 

^ ^ f- '' condiliona of the lungs (see text). V.I., vagi m- 

spasms occur. These efiects tact; V.C., vagi cut; +, positive pressure; 

are obviously in part due to 

lack of oxygen causing, as usual, failure of the respiratory centres in 
order from above downwards; the primary inspiratory phase being the 
only one attributable to vagal impulses of pressure and position. 

(c) Closure midway between inspiration and expiration (mid. v.i.) 
gives effects very mueh the same whether the vagi are cut or not; since 
neither deflation nor distention was present to arouse any continuous 
vagal impulses of position or pressure and Oj lack is not at once serious, 
respiratory movements simply continue slowly and deeply as if the vagi 
had been out. 





118 


T. LVMSBEN. 


Yagi cut (Fig. 5, insp. v.c. and exp. v.c.). Closure in any of tFe above 
positions after vagotomy gives in all cases very much the same result. 
The reason of this appears to be that the centres (vagal impulses having 
been eliminated by tracheal closure) had already accommodated them- 
selves to breathing without vagal assistance. Closure therefore acts like 
making an animal, whose vagi had previously been cut, breathe an 
atmosphere lacking in O 2 and overladen \yith CO 2 . As pointed out above 
vagotomy performed during CO 2 dyspnoea causes for a short time much 
disorganisation of the breathing but after a minute or so the centres 
accommodate themselves and make a very fair effort to deal with the 
excessive COo by increasing both the' height and rate of respiration. If 
vagotomy had been performed some time before inhalation of CO 2 is 
begun there is no disorganisation, compensatory hyperpncea of central 
origin appears at once in an ordered and regular manner. Similarly, 
closure of the trachea some time after vagotomy, merely evokes a 
centrally controlled hyperpncea ■with no special bias towards either 
inspiration or expiration, since the brain stem is no longer informed of 
any abnormality of either position or pressure. 

Excessive distention and deflation (Fig. 5). Distention being associated 
with positive pressure is much more effective than deflation and negative 
pressure. Closure of the trachea during distention at a pressure of 
30 to 50 mm. Hg(-f.-f v.i.) causes complete inhibition of the normal 
inspiratory tonus udth expiratory apneea. Sooner or later this is broken 
by typical gasps released by the inhibition of the higher centres and by 
the asphyxial state of the blood. If less pressure is employed (-f v.i.) 
the inhibition lasts only momentarily and inspirations of normal type 
are then resumed. If during the apnoea which results from excessive 
distention of the lungs the vagi are cut (-f + vagi cut), rounded apneustic 
inspirations immediately occur (the inhibition which must ha've been 
vagal having been removed) ; these are quite distinct from the gasps just 
mentioned. It is therefore clear that intense distention is during its 
continuance an adequate vagal stimulus but it must be borne in mind 
that here we are dealing ■with pressures such as can never occur during 
natural inspiration and which are distinctly nocuous, for emphysematous 
changes can be seen post mortem. 

Closure of the trachea during suction (— v.i.) gives rise during the 
first few seconds to inspiratory effects of apneustic type and then 
'M.tempts at respiration are resumed with a gasp superimposed on each 
inspiration, the effects noted under closure in expiration being reproduced 
with some exaggeration. After vagotomy closure in deflation and also 
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closure in distention show no special effects of nervous origin, the results 
differing only mechanically from closure after vagotomy in any other 
position. 

The immediate effects of vagotomy during closure of the trachea. 

Vagotomy in this condition never slows the respiration which as 
above explained had already assumed the centrally determined rhythm. 
This indicates that the accelerating effects of the vagal impidses depend 
not on the amount of distention or deflation hut upon the passage of air 
outwards and inwards; the effects which are observed are all in the 
direction of a diminution of efforts which would, but for the closure, residt 
in resumption of the zero point of position and pressure, or rather in and 
out play of inspiration and expiration round that point. Vagotomy 
during closure in full inspiration thus diminishes the expiratory efforts, 
which were occurring. Vagotomy during closure ^vitb the chest in the 
expiratory position has little effect except that it increases the gasps 
which were superimposed on the attempted inspirations. Vagotomy 
diuing closure midway has no appreciable effect (Fig. 5, MID. v.l. v.o.). 
Vagotomy during great distention has been referred to above. 

Rhythmic ventilation. 

As stated by Bering and Breuer and confirmed by Head, rhythmi- 
cally repeated ventilations dictate the rhythm of breathing as long as 
the vagi are intact. After vagotomy this does not happen. This I con- 
sider to be due to vagal impulses aroused by the currents of air as they 
pass in and out through the trachea and bronchi. It is of interest here 
to note Jappelli’s(5) observation that in man, dogs, and rabbits, 
rhythmical stimulation of various other nerves, e.g. sciatic, could in 
like manner prescribe the rate at which respiration occurred. 

That such air currents are sufficient to stimulate the vagus can be 
proved, after low vagotomy, by blowing air inwards through the larynx 
and upper part of the trachea, while continuous ventilation is performed 
through a tracheotomy opening below the portion of trachea blown into 
(Fig. 6). The downward current of air inhibits inspiration or apneusis 
quite as efficiently as electrical stimulation of the vagus. Similarly by 
blowing air upwards expiration may be inhibited, but this effect is less 
striking and less easily demonstrated. 

Again, during continuous ventilation of the lungs performed so that 
only midway distention is caused we find that active expiration tends 
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Breuer, Head and others to prove that distention and deflation of the 
lungs and not changes of pressure were the causes of the vagal impulses, 
favour with equal cogency, and none of them refute, the view that the 
iu and out currents of air are the normal vagal stimuli. 

5. Loewy’s(8) experiment also supports the air current theory. He 
opened the right pleura of a rabbit after the animal had been breathing 
Og for some time. The Og was soon absorbed and the lung collapsed 
completely. Yet the respiration continued normally at 66 per min. 
Loewy now cut the left vagus. The respiration immediately assumed 
the complete vagotomy type at a rate of 34 per min. He then performed 
artificial respiration and the respiration assumed the pump rate, or a 
multiple thereof. This experiment, which I have repeated in rabbits 
and cats, strongly supports the air current view of vagal excitation, for 
on the distention and collapse theory the collapsed right lung should 
have produced, especially after cutting the left vagus, not the normal 
vagotomy effect but a marked inspiratory excitation. Loewy’s experi- 
ment falls into line with my observation that closure of the trachea in 
any natural position between full inspiration and expiration acts like 
vagotomy -and that very little effect results if the vagi are frozen during 
such closure. 

6. During continuous ventilation, when gas is pouring downwards 
constantly through the air passages it evokes persistent expiratory efforts 
even if there is no marked distention of the lungs and though Og 40 p.c. 
No 60 p.c. is used. Vagotomy abolishes this effect, and it ceases at once 
if the current is stopped and the lungs are allowed to collapse, in which 
case the air passes for a time outwards and inspiratory efforts occur. 

Now, with regard to the variable effects which follow closure of the 
trachea, these show themselves most markedly when closure is effected 
after powerful distention or deflation, and that they do result from vagal 
influences is proved by the fact that they are not seen after vagotomy. 
Thus, as pointed out above, if during the expiratory apnosa which results 
from closure of the trachea after violent distention of the lungs, the vagi 
are cut, the apncea ends at once and attempts at inspiration and expira- 
tion are resumed forthwith. This experiment alone is sufficient to indicate 
that the accelerating impulses are not the only ones carried by the vagi 
from the lungs. These nerves must also convey postural impulses relating 
to the position of the lungs in regard to distention and deflation and to 
the intra-pulmonary air pressure. We may suppose that at least one use 
of these impressions is to protect the lungs against either excessive 
distention or pressure; hence it seems natural that the response called 
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forth, say, by distention, is such as would resist further distention, i.e. 
an expiratory effort. In any case it is a fact that the response to any vagal 
message of pressure or position is always in the direction of safety and 
conservation of energy and muscular effort, viz. towards attaining the 
atmospheric pressure and the zero position midway between distention 
and deflation. In accordance with these views, we find that vagotomy 
performed during closure mth the chest midway between inspiration 
and expiration {i.e. zero position) has no effect (Fig. 6). Respiration 
simply continues at the central rhythm already induced by the closme 
of the trachea. If, however, distention or deflation is present, efforts 
to attain the zero position are made as indicated above (Pig. 5). 

On the whole I think it fair to conclude that in easy breathing the 
air currents as they pass over the ciliated bronchial mucous membrane 
form the natural vagal stimulus. But when distention or deflation 
assume abnormal degrees, they do give rise to postural vagal impulses 
which are not, however, concerned primarily with acceleration of 
breathing but with the tendency to attain the zero position of greatest 
ease and least exertion. 

The vagi must also carry to the brain impulses aroused by painful 
and other nocuous stimuli, and these may have definite respiratory 
effects. Thus inhalation of an irritant gas gives rise (in both cats and 
rabbits) to active expiration, an effect which ceases after vagotomy. 

I have observed a number of occurrences which suggest that deep 
sensations from the abdominal and thoracic parietes and viscera are of 
considerable respiratory importance. These impulses reach the cerebrum 
partly by the vagi and partly by the dorsal nerves, and among other facts 
they may explain the cessation of diaphragmatic respiration during acute 
abdominal inflammation or peritonitis. Another gastric vagal effect is 
hiccough. 

Subjectively, we are aware of a number of these impulses, notably 
of the passage of air inwards and outwards, of pain, and of the position 
of the thoracic and abdominal walls and they probably therefore have 
important cortical respiratory effects. Since, however, the cerebrum 
and cerebellum can both be removed in their entirety without alteration 
in the rhythm of unconscious respiration, we must assume that the 
respiratory centres are independently capable of regulating the breathing 
in response to the pulmonary and bodily impulses just mentioned, and 
to the condition of the blood. 

The trigemini have no tonic action on respiration for they can be cut 
without disordering it. If these nerves are irritated they have a protective 
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effect in one or other of two ways; they may, even after decerebration, 


aid in the expulsion of the noxious 
substance by giving rise to sneezing, 
while if an irritant gas is inspired 
through the nose temporary apnoea 
results ; in the case of the tortoise this 
apnoea may last two hours or more. 
That after section of the 5th nerve 
this reflex ceases was, I believe, first 
pointed out by Kratschmer. The 
probable arrangement of the centres 
and their connections are diagram- 
matically represented in Fig. 7. 

Two cases have recently been ob- 
served in which the apneustic type 
of respiration occurred in man. The 
first is recorded by Kirkwood and 
Myers ( 9 ). In this case I found 
haemorrhages in the brain stem just 
above the strise acousticae, similar 
to those caused in cats by drag- 
ging on the auditory nerves during 
attempts to cut them. The brain 
stem of the second case is about to 
be examined. 



Remarks and Concddsions. 

During normal respiration neither inspiration nor expiration attains 
its full extent since the vagal impulses are constantly limiting alternately 
apneusis and expiration, especially the former. Since the vagus thus 
tonically accelerates the respiration in all cases, whatever its depth and 
rate may be, vagotomy always slows and deepens the breathing. 

The H-ions in the blood continuously increase the excitability of 
the pneumotaxic centre so that it periodically discharges and inhibits 
the tonic apneusis and thus in conjunction with the vagus determines 
the rhythm of respiration of normal type. 

\Apart from vagal influences, e.g. after vagotomy, the height and 
dejrth of unconscious breathing is determined primarily by the stimulating 
effect which CO 2 excess exerts upon the apneustic, and when the excess 
is pronounced, upon the expiratory centres. 
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During waking life cerebral influences modify respiration to a variable 
degree, often profoundly. There is now no fixed base line (position of 
complete relaxation) to which each expiration returns, such as is seen 
during sleep and anaesthesia. The lower edge of a respiratory tracing 
taken during consciousness varies up and down continually. 

When CO 2 is present in moderately increased amount the first effect 
is that the inspiration becomes deeper from stimulation of the apneustio 
centre, if the increase of CO^ continues, expiration is also exaggerated, 
from stimulation of the expiratory centre. If these efforts do not succeed 
in diminishing the excess of COj the pneumotaxic centre by becoming 
more excitable increases the rate of respiration and the larger currents 
of air passing through the bronchi stimulate the vagal endings more 
powerfully than usual, thus further adding to the acceleration of breathing 
by limiting more drastically than usual the continuance of both inspiratory 
and expiratory movements. 

If during dyspnoea due to COo excess the vagi are cut, the slowing 
and deepening of the breathing is much more marked and expiration 
becomes more intense and spastic than if vagotomy is performed during 
quiet respiration; an evidence that the vagi were carrying inhibitory 
messages more powerful than usual (Fig. 2). 

Even after vagotomy the respiration may quicken very markedly 
during CO 2 dyspnoea, it is therefore clear that the vagus is not the only 
accelerating mechanism. It appears that the pneumotaxic, apneustio 
and expiratory centres are all rendered more excitable by excess of H-ions 
in the blood circulating through them and hence respond more actively 
than usual, thus quickening the breathing (Fig. 3). 

When the pneumotaxic centre is damaged or is failing from any cause, 
the response to CO, excess is much less brisk than normal and if now the 
vagi are cut the respiration becomes enormously increased in height and 
slowed almost to the point of apneusis and thereafter no increase of rate 
occurs. This shows that it is largely through the pneumotaxic centre 
that the CO^ central acceleration is effected. 

The efieots of oxygen lack on respiration vary with its intensity. A 
moderate lack of O 2 down to 12 p.c. produces hardly any dyspnoea at 
all, and the slight effect it idtimately shows is possibly due to increased 
sensitivity to COj. Greater lack of O 2 (2-8 p.c.) stimulates apneusis, 
thus heightening inspiration for a short time, but soon it paralyses first 
the pneumotaxic centre and thus apneuses appear. The centres at the 
stria: region next fail, gasp'mg resulting, and soon this also stops and 
death ensues. 
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Asphyxial death is entirely due to Og lack. Very large amounts 
(20 to 30 p.c.) of COg can be breathed for several hours on end without 
immediate danger to life. 

It is probable that various nerves of deep sensibility supplying the 
thoracic and abdominal parietes and contents also aid in regulating 
respiration, and on occasion the trigemini certa inl y do, e.g. by inducing 
sneezing and by inhibiting respiration altogetiier when an irritant gas 
enters the nostrils. 

The accelerating (inhibitory) vagal effects are normally evoked by 
the inrushing and outflowing currents of air; the former inhibits the 
inspiration which caused it and conversely the latter inhibits expiration. 

Besides these accelerating impulses the vagi also convey to the brain 
stem postural impulses relating to the condition of the lungs as regards 
distention, deflation, positive and negative pressure, etc. The efiect of 
these impulses is to evoke such muscular efforts as will make for quiescence 
at the zero point of pressure and the mid-way position of repose between 
inspiration and expiration. Within the pressures and limits of ordinary 
easy breathing these postural and pressure impulses are unimportant. 

I have again to thank Prof. C. J. Martin for putting his laboratory 
at my disposal. I am also much indebted to him, to Prof. J. N. Langley 
and to Prof. B. H. Starling for their helpful interest in my investiga- 
tions. 
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THE ANAEROBIC PROCESSES INVOLVED IN 
MUSCULAR ACTIVITY. By W. HAETKEEJ 
AND A. V. HILL. 

(From the Physiological Laboratories, Manchester and Cambridge.) 

Experiments on isolated muscle have shown that considerahle quantities 
of lactic acid are produced rapidly during stimulation, and experiments 
on man have emphasised how extremely sudden this production of acid 
may be. An athlete may, in ten seconds of violent effort, produce an 
oxygen "debt” of about four litrcsp), an amount corresponding to the 
oxidative removal of about 30 gms. of lactic acid, or of O’l p.c. in the 
active muscles. During ten seconds the circulation, starting from its 
resting rate, cannot possibly be able to play any appreciable part in 
neutralising this acid or in removing the acid or the COj which it has 
replaced. The acid liberated must necessarily be dealt with at the moment 
solely by the muscle fibres themselves. Immediately after exercise there 
is a rapid rise in the respiratory quotient and a considerable elimination 
of the CO 2 turned out by the lactic acid from bicarbonate in muscles and 
blood. Later on there is a corresponding retention of COo as the lactic 
acid is removed in recovery. During the few seconds, however, of the 
exercise, this COj, together with the lactic acid, must necessarily remain 
inside the muscle fibre itself. It is of interest to inquire how this amount 
of lactic acid is accommodated within the muscle in addition to the CO^ 
already there, without a rise of hydrogen ion concentration likely to 
destroy its colloidal structure. The same question arises from a con- 
sideration of the stimulation of frog’s muscle. A short tetanic stimulus, 
far too short to allow a noticeable amount of COj to escape, can produce 
a considerable amount of lactic acid in the muscle. 

It is obvious that the lactic acid must be neutralised. It is a relatively 
strong acid, being 10 p.c. ionised at the maximum concentration at 
which it can occur in the body. A fatigued muscle certainly has not the 
hydrogen ion concentration which it would have were lactic acid free 
within it(0). Meyerhof(4), in a recent paper, has emphasised that in a 
frog’s muscle the absolute amount of bicarbonate present, as determined 
from the COj driven out from the muscle by excess of acid, is quite 
* Working for the Medical Research Council. 
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inadequate in amount to neutralise the acid- liberated in severe stimulation. 
Even if all the COg were driven out by acid, there would only be about 1/7 
to 1/10 as much bicarbonate as would be required. A similar argument 
apphes to phosphates. According to Laqubr(3) there is about 0-3 p.c. of 
inorganic phosphate in muscle, namely a mixture of KH2PO4 and K2HPO4. 
Assuming with Meyerhof that the reaction of fatigued muscle cannot 
change more than from a of 7*5 to one of 6-9, this would correspond, 
according to Miohaelis, to a change from a mixture of 8-6 c.c. of 
Na2HP04 + 1-4 c.c. of NaH2P04 to a mixture of 6-2 c.c. of Na2HP04 
+ 3'8 c.c. of NaH2P04. Hence, assuming that there is 0-3 p.c. of H3PO4 
present in muscle, there would be only about enough phosphate available 
between these reactions to neutralise about one-quarter of the lactic 
acid knovTi to be liberated. If all the bicarbonate and all the phosphate 
available between these reactions were used up, there would be insufficient 
to neutralise one-half of the lactic acid formed. 

It is obvious, therefore, that the alkaline salts present in muscle are 
not sufficient in amount to neutrahse the acid hberated in a brief violent 
efiort, and still less in a prolonged violent effort. The answer, suggested 
by Meyerhof, to the problem is that the muscle possesses in its colloids 
a far more effective buffer than phosphate or bicarbonate, and has it in 
much larger ammmts. This hypothesis of Meyerhof, by providing a 
much greater heat of neutralisation, fits in better with what is known of 
the heat liberated during contraction and relaxation. Its necessity can 
be demonstrated in another way. If it be assumed that bicarbonate is in 
the same concentration in muscle as in blood (it can hardly be higher) 
and that the CO 2 in muscle is at the alveolar pressure of CO 2, then when 
0-1 p.c. of lactic acid is suddenly liberated and neutralised by bicarbonate 
and the COg so formed is unable momentarily to escape, it can be shovoi 
by a simple calculation (employing Henderson’s equation) that the 
hydrogen ion concentration would rise some 18 times. No such change, 
however, has been detected in isolated muscle (6), and it is difficult to 
imagine that such a change of cH in the intact animal could be tolerated 
without disaster. H we imagine 0-15 p.c. of lactic acid to be set free, a 
similar calculation would require the cH of a man’s muscle to beincreased 
about 45 times by about 15 seconds of exercise. In the case of complete 
exhaustioii the change would be enormous. Similarly, if we consider the 
case of a phosphate mixture the change in cH necessary to allow the 
neutralisation of the comparatively large amounts of lactic acid formed 
in exercise would also be enormous. 

It 'is obvious, therefore, that in muscle there must be some more 
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effective means for neutralising acid suddenly set free; in blood the 
existence of such means can readily be demonstrated. 

Numerous observations have been made of the effect on the cH of 
blood of adding acid to it. None, however, to our knowledge, have been 
recorded in which the conditions were exactly analogous to those now 
being discussed, namely, in which the COj turned out by the added acid 
is unable momentarily to escape. Experiments therefore have been made 
on our behalf by Miss D. M. Thomas, in which defibrinated fluorided 
sheep’s blood, carefully brought into equilibrium with air containing 
COo at a pressure of about 40 mm., had various quantities added to it 
of lactic acid (standardised by titration), the cH being then determined 
by the Dale-E vans method of dialysis. A large quantity of blood was 
equilibrated, 10 e.c. was pipetted off into six test-tubes, a few drops of 
oil were added at once to prevent contact with the air and escape of the 
COj, and then small quantities of a 7-75 p.c. solution of lactic acid were 
added from a capillary pipette. The blood in each test-tube was carefully 
stirred to ensure mixing of the acid mthout escape of COj, and 2 c.o. 
withdrawn and its cH measured in the usual way. The mean results of 
three complete consistent experiments on different samples of blood are 
given in Eig. 1. We see that the addition of -05 p.c. of acid raises the 



Fig. 1. Change of cH on adding lactio acid in known final concentration to defibrinated 
flheep’s blood without escape of CO*. The blood had previously been equilibrated 
with air containing CO 2 at 41 mm. pressure. 


cH only 1*35 times, while the addition of 0-1 p.c. of acid raises the cH 
under similar conditions only 2*3 times (result slightly extrapolated). 
Were blood simply a bicarbonate solution the cH would have risen not 
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2*2 times but 18 times. There must be another and more efiective hufter 
than bicarbonate in the blood, namely, as is commonly assumed, a 
sodium or potassium salt of hsemoglobin, and (to a much less extent, 
Milroy ( 5 )) of the protein of the plasma. 

It would seem probable therefore that there is, in muscle also, some 
alkaline protein salt analogous to the sodium or potassium salt of hasmo- 
globin in blood, capable hke haemoglobin of releasing thebase to neutralise 
acid suddenly appearing in it, and causing the change of cH to be only 
very small, owing to the weakne.ss of the protein acid so produced. It 
will be a matter of great interest to attempt to extract from hving muscle 
some alkaline protein bufEer possessing this extreme power of maintaining 
the constancy of the cH. 

In a following paper in this Journal W. K. Slater shows that the 
whole of the heat hberated in an anaerobic contraction (according to 
Meyerhof 370 calories per 1 gm. of lactic acid produced) can be ex- 
plained as due to the formation of lactic acid from glycogen and its 
subsequent neutralisation. The only assumptions necessary are {a) that 
in the experiments in which the 370 calories per 1 gm. of lactic acid 
were determined, about half of the lactic acid was neutralised by bi- 
carbonate or phosphate and half by alkaline protein buffers, and {h) that 
at the end of the partial cycle of the initial breakdown 'the muscle is 
unchanged except in so far as glycogen has become sodium or potassium 
lactate, any intermediate products, if they exist, being in the same con- 
centration finally as they were initially. It would seem almost certain 
therefore that the anaerobic contraction regarded as a whole is accom- 
panied simply by the glycogen-lactic acid breakdown, or at any rate 
not by any other chemical processes involving appreciable exchanges 
of energy. To fill in the details of the picture, however, is more difficult. 
There are presumably various intermediate breakdowns which must be 
reversed or compensated before the partial cycle is complete. For 
example, the immediate cause of contraction may be the formation of 
lactic and phosphoric acids from “lactacidogen” (Embden) which is 
then restored from glycogen and phosphoric acid at some time unknown 
but before the cycle is complete. The heats of these reactions are not 
determinable at present. Moreover, during the mechanical response 
mechanical potential energy is hberated, and during relaxation this 
mechanical energy is presumably dissipated as heat. Heat is known to 
be liberated during relaxation in amount (in the case of the isometnc 
twitch^) about 40 p.c. of the total initial heat. This cannot however be 
attributed simply to degraded mechanical energy since we do not know 
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.what exothermic or endothermic reactions may accompany relaxation. 
Without more knowledge, therefore, of the physical and chcrm’col events 
it is not possible yet to utilise further the outlines provided by the thermo- 
dynamical method. Since, however, the ehemical details, when wo know 
them, must certainlj' fit into the thermodynamical picture, we have 
endeavoured to establish the latter as firmly as possible, os will now be 
further discussed. 

The only point on which we felt any serious doubt of the general 
accuracy of the results given in our previous papers on the distribution 
of the heat between the several phases of muscular contraction, was in 
respect of the delayed anaerobic heat(i). The experiments seemed con- 
clusive enough in themselves, but the result was so unexpected and so 
difficult to interpret that we have continually wondered whether it 
was not due to some systematic error. During the last nine months, 
therefore, we have attempted, but completely without success, by any 
and every means to eliminate this delayed heat production, or to explain 
it on purely physical grounds. We have concluded that there can be no 
doubt of its existence, and its general properties are as described below. 
Its origin is more fully discussed by W. K. Slater in a following paper. 

Following a short tetanic stimulus of an isolated muscle, at 20° C. 
in nitrogen, there is an evolution of heat lasting for some minutes 
(10 to 15 at least) after the contraction has passed off. Further experi- 
ments have been made of the same kind as the previous ones but es- 
pecially (a) with longer times of stimulus, (b) at lower temperatures, 
and (c) mth specially purified nitrogen. Besides the ordinary precautions 
required in such experiments it was now necessary: firstly to have a 
very steady zero for the photographic records, both on account of the 
smallness of the quantities to be observed, and also because the records 
must be continued for at least eight minutes; secondly, to consider the 
possible effects of traces of oxygen left in the chamber; and thirdly, to 
consider the possible inaccuracy on physical grounds of the method of 
analysis employed. 

Most of the experiments were carried out using the same method as 
before. In each case the muscles were first left in the thermopile chamber 
for an hour, in Ringer’s solution which had been previously boiled. This 
was then blown out by nitrogen from a cylinder, bubbled in very minute 
bubbles through a solution of alkaline pryogallol. It was later found on 
analysis that such nitrogen might still contain as much os 1 J p.c. of 
oxygen as impurity. The amount dissolved in the muscle at this pressure 
might conceivably be sufficient to account for a considerable part of the 
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delayed heat after a short stimtdus, but it could not account for more 
than a sraall part of it after a long stimulus. 

In our previous paper on this subject the average of the delayed heat 
at 20° C. for a short tetanus (up to ^-sec.) was foimd to be 0-5 times the 
total initial heat. We have obtained the following results in our recent 
experiments. 

(a) Absolute mine. In five experiments at 20° C. with times of 
tetanus from 1 to 10 seconds, the corresponding value was between 
0-36 and 0*23 for 12 observations, with a mean value of 0*30. 

(b) Effect of temperature. About ten reliable experiments were carried 
out at 0° C'., the time of stimulation varjdng from a single shock to 
one second. In 12 observations the corresponding value was between O-oS 
and 0‘22, with a mean value of 0*34, showing that there is very little 
efiect of temperature on the absolute size of the delayed heat. 

(c) Completeness of absence of oxygen. In the last six experiments at 
room temperature (about 12° C.) nitrogen from a cylinder was passed 
through a hydrosulphite solution (10 gms. Na 2 S 204 , 5 gms. NaOH, to 
100 c.c. of water) and probably contained less than *05 p.c. of oxygen. 
In eight observations the corresponding value lay between 0*37 and 0*24, 
with a mean value of 0*29. This last number is practically the same as 
the mean found in (o), in the presence of less pure nitrogen: it seems 
definitely to exclude the possibility of the phenomenon discussed being 
due to the presence of remaining traces of oxygen. 

Although the total amormt of the delayed anaerobic heat does not 
appear to be affected much by temperature, or by duration of stimulus, 
there are noticeable differences in the time curves of the heat production. 
It should be remarked, however, that the actual curves given in our 
previous paper for the rate of delayed heat production are rmdoubtedly 
contaminated to a small degree by the presence of oxygen as an impurity 
in the nitrogen. The principal differences now observed may be sum- 
marised as follows; 

(a) At higher temperatures (up to 20° C.) a short stimulus (1/20 sec. 
or less) gives rise to a delayed heat production whose rate is zero or very 
small soon after the stimulus, but increases to a masdmum at about 
2^ minutes after the stimulus; whereas for long stimuli (1/2 sec. or more) 
the rate of delayed heat production falls rapidly from the comparatively 
large value which occurs very soon after the stimulus. 

S (b) At low temperatures (0° C.) the difference of the initial form of 
^e heat rate curve due to alteration of stimulus from a single shock up 
to\tetanus of. one second was not appreciable; in some experiments the 
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rate fell rapidly from tlie comparatively large initial value occurring very 
soon after tlie stimulus, while in other experiments the rate increased 
from a very small value soon after the stimulus to a maximum occurring 
after about 21 minutes. Now it is observed in those cases in which the 
rate falls from a large initial value that not only is the total delayed heat 
larger than in other cases, hut also there is usually (after the first rapid 
fall) a distinct rise in the curve, producing the maximum rate at about 
2J minutes after the stimulus, as shown in the figure. 

From a consideration of these facts it would seem likely that the 
effects observed are the resultant of those arising from two separate heat 
productions, the first of which depends on the temperature, or the time 
of stimulus, or both, while the second is independent of these circum- 
stances. 

As regards the first part it is evident that when the delayed heat 
starts early at a large rate, this early rate cannot be well estimated, since 
its effect is superimposed on that of the initial heat. The galvanometer 
deflection is large and altering rapidly. Furthermore it is a matter of 
speculation how to divide up the curve shown in Fig. 2 into two curves 


00015 lINITIAL 


HEAT Per secon® 



Fig. 2. Course of the delayed anaerobic heat production in muscle, showing the character- 
istic secondary rise in the curve when tho time of stimulus is not very short. The clotted 
curves represent two hypothetical simple curves making up the more comple.x actual 
one. In many cases the curve is similar to tho second dotted one. The second curve 
• provides nearly tho whole of the delayed anaerobic heat. 


similar to those shown dotted in the figure. Thus it is better to estimate 
the total of the second part, only for those cases in which the first part 
is very small or negligible, namely, for short stimuli at high temperatures, 
or for those cases at low temperatures in which the delayed heat rate 
rises from a small value. The mean value of the total delayed heat cal- 
culated in this way for a short tetanus, in four experiments at room 
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temperature (12° C.) with the specially purified nitrogen, was 0-25, and 
in five experiments at 0° C. vdth the nitrogen first used was 0-28. Even 
in these cases a possible small allowance should perhaps be made for the 
small amount of heat occurring in the first part, but this is certainly less 
than 10 p.c. of the total. The explanation of the first part is not clear. 
It seems to depend upon the temperature, and it is conceivable, though 
not likely, that it is due to the oxygen still remaining dissolved in the 
muscle. It seems certain, however, apart from the possible effects of 
eiTors which we will next consider, that there is a definite delayed anaerobic 
heat production, independent of temperature both in magnitude and 
in manner of production, and independent of the duration of stimulus, 
of total amount between 0-2 and 0-25 times the initial heat, having a 
maximum rate about -0006 times the initial heat per second, this maxi- 
mum occurring about 2-5 minutes after the stimulus. 

The one possible source of error of a purely physical nature, which 
we have considered, lay in the presence of a small amount of muscle 
beyond the electrode. When the muscle is alive and stimulated, tliis 
part is active and produces heat. "When it is dead and the control curve 
is taken, only that part which lies between the electrodes is heated. Hence 
in the latter case part of the heat produced between the electrodes will 
be required to warm up the part of the muscle lying beyond the electrodes 
and the control curve wall fall away from its maximum more quickly 
than it should. The effect of using such a control curve for the analysis 
will be to give too great a result in the heat production, and as this error 
must be independent of temperature, etc., it was particularly important 
to make sure that the effect was not of the same order of size as the 
calculated delayed heat. 

Two methods were employed to see if the effect of this error were 
appreciable. Firstly, experiments were carried out in which the length 
of the muscle projecting beyond the electrodes was varied over a wide 
range. There did not, however, appear to be any connection between the 
length projecting and the magnitude of the delayed heat as determined 
by the analysis. This was the case even when only a very small part of 
the muscle projected beyond the electrode. Under such circumstances 
it should be noted that the muscle is very thin near the electrode and a 
large amount of heat is produced by the electric cmrrent in this thin 
portion. This should give exactly the opposite effect to that produced by 
a large portion of muscle projecting, but in spite of this the anaerobic 
delayed heat appeared as usual. Secondly, several experiments were 
carried out on a dead muscle supplied "with an extra electrode to the end 
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of the part projecting beyond the ordinary electrode. The projecting 
part only was then separately heated to a certain rise of temperature and 
the subsequent galvanometer readings were compared uith those caused 
when the part between the ordinary electrodes was heated to the game 
rise 'of temperature. In this way it was shown that the maximum error, 
even when as much ns one-quarter of the whole muscle was projecting 
beyond the electrode, is not more than 0-1 p.c. of the maximum galvano- 
meter deflection in the ordinary control. In this way it was amply prov-ed 
that the error in question could not account for more than about 1 /10th 
of the delayed heat determined in the usual way, and it must usually be 
much less since (in most c.xperiments) there is only a small part (about 
1/lOth of the whole weight of the muscle) projecting beyond the electrode. 

It appears therefore, malcing ever}' allowance for po.ssible errors, that 
the total he.at of the delayed anaerobic process is about 0-25 of the total 
initial heat. Its rate of evolution, as also its magnitude, appears to be 
independent of the temperature of the muscle. "We have several times 
confirmed our previous result that the delayed heat in the complete cycle 
in oxygon is about l-O times the initial heat, aud we will assume, for an 
isometric twitch, that the heat of relaxation is 0’4 of the total initial heat. 
The following “balance sheet” represents an estimate, to some degree 
final so far as present methods go, of the heat evolved in the various 
phases of the muscular cycle. 

Isometric contraction of frog’s muscle. 

Absolute, per gin. 


Pliano 

Kclativc 

of lactic acid 

Total anaerobic 

1-25 

370 (Meverbof) 

Total initial (anaerobic or aerobic) 

10 

2DG 

Delayed anaerobic 

0-25 

74 

Initial (contraction) 

00 

17S 

Initial (relaxation) 

0-4 

118 

Oxidative delayed 

1-5 

444 

Total oxidative 

2-6 

740 


As Slater shows in a later paper, the initial anaerobic heat can be 
attributed to simple chemical causes, viz. to the transformation of 
glycogen into lactic acid and its neutralisation by alkaline salts. In the 
complete oxidative cycle the muscle is finally as it started, apart from 
the oxidation of a fraction of the I gin. of glycogen (CeHijOdn from which 
the lactic acid arose. According to Slater the heat of combustion of 
dissolved glycogen (CjHijOaln is 3874 calories per gm., hence 

740 _ I 
*“3874 6-24 ■ 
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so that with the standard relative values adopted here about 5-24 
molecules of lactic acid are removed in the complete cycle for each one 
oxidised. 

It is not possible, with the data at our disposal, to decide that the 
rate of “removed” to “oxidised” is exactly 5'24 : 1. With a delayed 
anaerobic heat of 0-2 and a delayed heat in oxygen of 1-7 (relative values) 
the heat in the complete' cycle would come to 852 calories and the ratio 
to 4-66 : all these values lie within the limits of possibility. Or again, with 
a delayed anaerobic heat of 0*35 and a delayed heat in oxygen of 1-3, 
the heat in the complete cycle would be 630 calories and the ratio 6-01. 
Both these values again are possible, so far as the results of our experi- 
ments go. We can only conclude definitely, therefore, that the ratio of 
lactic acid removed to lactic acid (or glycogen) oxidised lies between the 
values 4-7 and 6, with a most probable value of 5-24, 

It is important, for the present, to emphasise this latitude. It is 
possible that the removal process is some kind of “coupled reaction” in 
which the ratio of “removed” to “oxidised” is that of some simple inte- 
gers: in this case 5 : 1 and 6 : 1 are both possible. It is also possible, 
however, that the recovery process is due, as we have supposed else- 
where (i), to some recovery “mechanism,” supplied with “power” by 
the combustion of carbohydrate, in which case the ratio might be expected 
to vary with the condition of the muscle. At present it is not possible 
to decide between these alternatives. 

SUMMAKY. 

1. When slaughter-house blood, brought to a tension of 40 mm. of 
CO 2 has 0*05 p.c. and 0-1 p.c. of lactic acid added, without escape of 
CO 2 , the cH rises to 1*35 and 2*2 times its original value respectively. 
In a solution of bicarbonate of similar CO 2 pressure and bicarbonate 
ion concentration, the cH would rise to 7 and IS times its original value 
respectively. 

2. In muscle 0*1 p.c. of lactic acid can be produced so rapidly by 
exercise or by stimulation that no appreciable escape of CO 2 or acid is 
possible. Hence if the hydrogen ion concentration inside a muscle is 
not to rise to an excessive degree during exereise, there must be some 
buffer in it much more effective than a bicarbonate solution. The same 
argument applies to phosphate. Hence it appears to be necessary to 
assume, with Meyerhof, that living muscle contains, as blood is known 
to contain, an alkali-protein salt capable of neutralising acid and forming 
the neutral salt and the undissociated protein. 



ANAEROBIC PROCESS IN MUSCLE. 


137 


3. Experiments are described confirming tbe existence of the small 
delayed heat production occurring in the eomplete absence of oxygen in 
an excited muscle. The rate of evolution of this heat appears to be 
unaffected by temperature, and its most probable total value to be about 
0-25 of the initial heat. 

4. Accepting this value, a new “balance sheet” (final as regards 
methods at present available) is given of the heat evolved in the different 
phases of muscular contraction, reckoned in calorics per gm. of lactic 
acid set free. 

■ 5. From this balance sheet it is found that in the recovery process 
something between 1 part in 4-7 and 1 part in G of the lactic acid 
removed is oxidised, the remainder being retained as glycogen. 

We are much indebted to Miss D. M. Thomas for making the e.xperi- 
ments on the hydrogen ion concentration of blood. 

The expenses of this research have been homo in part by a grant from the Royal Society. 
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OBSERVATIONS ON THE TAKING UP OF CARBON 
MONOXIDE BY THE HEMOGLOBIN IN THE SPLEEN. 
By J. BARCROFT and H. BARCROFT. 


{From the Physiological Laboratory, Cavibridge.) 

The object •which prompted the experiments described in the following 
paper \vas to ascertain the extent to which carbon monoxide administered 
by the lung penetrated the spleen. The importance of ascertaining in- 
formation on this subject is evident when one recollects that one of the 
standard methods of measuring blood volume in man and animals is 
based on the administration of a kno'wn volume of carbon monoxide, and 
the estimation of the quantity of that gas in unit volume of blood. If 
the carbon monoxide penetrates to the hsemoglobin in the spleen there 
will be a less quantity in the blood than would otherwise be the case, and 
the blood volume as calculated by this method would be larger. More- 
over, it was observed by the recent expedition to Peru{i) that the blood 
volume, as calculated by the carbon monoxide method, underwent con- 
siderable changes -with the tempera'bure of the atmosphere in which the 
subject was living; being greater in tropical temperature than in more 
temperate climates. This observation was subsequently confirmed by 
experiments in a glass chamber in which the air was artificially heated. 
In neither case was the change in blood volume simply due to increased 
plasma. The hemoglobin as measured increased also, and at a rate which 
seemed too great to be accounted for by fresh formation of the pigment. 
Some investiga'tion was therefore desirable as to whether there could be 
any considerable number of red blood corpuscles in the body to which 
the carbon monoxide did not reach during a determination but which 
could be thrust into the blood if circumstances demanded. 

The first series of experiments performed were upon the spleens of a 
number of rats of which the blood volume was being determined for 
another purpose by one of us in collaboration with Dr Duncan Scott. 
These rats were given about *5 c.c. of CO apiece, administered at first in 
high concentration (about 3 p.c.), the rats breathed the mixture of CO 
and oxygen for 5 to 10 minutes, they •were then decapitated, the spleens 
were excised, cut up under water or a very dilute ammonia and the pig- 
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ment extracted was observed in the Hartridge Reversion Spectroscope, 
as also was a portion of the blood from the general circulation. The 
figures show that while there was a high percentage of CO in the blood, 
30-40 p.c., the haemoglobin dissolved from the spleen was almost free 
from that gas, containing less than 5 p.c. 

The previous observations on this subject are few and apparently 
somewhat at variance. Haldane has told me in conversation tliat ho 
found CO hemoglobin in the spleens of animals which have died with 
poisoning by carbon monoxide. But his observations show that it is not 
invariably present under such circumstances, and Heger suggests that 
CO is present in smaller amounts in the spleens of animals which have 
been exposed for a short time to a liigh concentration than of those which 
have been exposed to a low concentration but for a longer time. We 
therefore undertook a aeries of systematic observations for the purpose 
of ascertaining the relative saturations of the liscmoglobin in the general 
circulation, and of that in the spleens of rats exposed to the gas for 
varying lengths of time. So far as the experimental details of apparatus, 
etc., were concerned one experiment differed little from another in 
principle and the description of two null suffice for the whole except 
where otherwise stated. 

(a) Experiments in which the gas was inhaled for varying lengths of 
time. In preliminary experiments, a given number of rots, usually si.v, 
were placed in a given concentration of gas for a given time which varied 
in different experiments from five minutes to an hour. In the different 
experiments of this series, the concentration was the same, -C— 7 p.c., or 
as nearly the same in each experiment ns possible. The rats were killed 
at the end of the experiment and the percentage of CO in the blood of the 
general circulation compared with that in the hiomoglobin from the 
spleen. This series quite agreed with the more perfect experiment wliich 
we shall now describe. In the chamber which was of six cubic metres 
capacity were enclosed one observer and twelve rats, two in each of six 
cages. The observer breathed not the air in the chamber, but the external 
air which was lead to him.through rubber tubing connected with outlets 
in the wall of the chamber, valves and a mouthpiece. IVhen the observer 
and the animals were enclosed the door of the chamber was shut, not to 
be re-opened till the end of the experiment. The door leads into an air- 
lock and in the door is a small hatch with double doors, large enough 
to receive a rat cage. Thus the rats can be handed out of the chamber 
without any sensible fall in the concentration in the chamber. The 
experiment commences when the carbon monoxide is put in from outside. 
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It is forced in from a flask, or if necessary two flasks of known volume by 
water displacement: tins' process takes about a minute and the time 
measurements are counted from the moment when half the carbon mon- 
oxide is judged to he in the chamber. The mixture of the CO with the 
air of the room is effected by a fan which is kept running throughout, 
but at the commencement the observer can help efltectively by walking 
about and waving a newspaper or some flat object. At stated intervals 
the rats are handed out of the chamber, immediately preceding which 
they are stunned. Their throats are cut and 40 cubic mm. of blood are 
diluted m about 2 c.c. of ammonia (1 c.c. in 500). The dilution is done in 
a very subdued light and the test-tubes which contain the dilute blood 
are kept in the dark. They are about 2*5 c.c. capacity so that when corked 
up they have only a trifling air space above the fluid. This fluid is used 
for examination with the reversed spectroscope. The rats are set aside. 
Samples of the gas in the chamber are taken at the commencement and 
end of the experiment for analysis. The chamber was found to maintain 
the concentration satisfactorily. 

Fluid from the spleen was obtained in the following way. The spleen 
was taken out, weighed, and placed under about 3 c.c. of dilute ammonia. 
It was then rapidly cut up under the ammonia and pressed with the 
fingers. There is no difficulty in obtaining pigment sufficient to be seen 
in the spectroscope. This dilute pigment gives a fair sample of the 
hmmoglobin of the pigment in the spleen pulp, for a second sample, which 
may be obtained frequently from the same spleen fragments, gives a CO 
content identical with the first. The spleen extract, unlike the dilute 
blood, is never quite clear. This we have found to introduce a small error 
amounting to about two divisions on the scale of the Hartridge spectro- 
scope. Thus if a rat be taken which has not breathed CO and its blood be 
compared with its spleen extract, the latter will have an apparent CO 
content of — 5 p.c. or thereabouts. As the turbidity differs in different 
extracts it is not easy to make any appropriate numerical correction, but 
we found a satisfactory solution of the difficulty in the addition of a trace 
of milk to the dilute blood. The quantity of milk necessary is of course 
almost infimtesimal, but it can be graduated so as to imitate the spleen 
extract pretty exactly. 

There are then two sources of error in the spectroscopic examination 
of the spleen fluid each of which tends to lower the apparent percentage 
of CO as compared with that in the dilute blood. The first of these is any 
1^^ of CO which may take place from exposure of the spleen extract, 
the econd is the turbidity. It will appear later that the spleen fluid 
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usually contains less CO than the blood and therefore the errors are suoh 
as to exaggerate the difference between the two. We therefore altered 
the plan of the experiment as follows: 

(6) Experiments in lehicTi the gas was exhakd for varying lengths of 
lime. The twelve rats were put in a chamber, in a certain concentration 



fig. 1. The percentage ol CO htemoglobin ia in each case the mean of that In two rata. 
The variations from the mean were respectively; 

Blood 1-6. 0 5. 1» 0, 0 p c. HbCO 

Spleen 0 5,30,1,3,3 » 

The percentage was calculated from the displacement of the a band in divisions of the 
spectroscope, the mean of a number of scale readings being taken. For example, in 
RafO: 

6 scale readings of blood varying from 3I*6 to 34 mean 32 9 

10 „ „ OjHb „ „ 17-6 to 21 19 6 

Displacement of o band in divisions of spectroscope ... 13-4* 

6 scale readings of blood of spleen varying from 21 to 25 mean 23*6 

10 „ „ OjHb and milk (see text) varying from 16*6 to 31 ... »» ® 

Displacement of a band in divisions of spectroscope ... 4 8* 

* This figure when applied to the caUbiuUon curve of the spectroscope (such as that 
given by Hartri & ge, This Journal, 44, p. gms perceatage of COHb which is 

plotted on the ordinate. 
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of CO for an tour. By this time their bloods and spleens were almost in 
equilibrium with the gas. They were then all taken out and killed in 
pairs at varying intervals of time. The bloods and spleens were examined 
in the same way as in the preliminary series. The concentration of gas 
used was never sufficient to kill, or even seriously to interfere with the 
condition of the rats. 

It need only be added that in some of the experiments, extracts of 
the liver, and kidney, were made for comparison -with that of the spleen. 
The kidney extract proved incapable of accurate examination because, 
the bands did not remain constantin position. Presumably some oxidative 
process was taking place which interfered with the oxyhoemoglobin bands. 
The liver extract gave satisfactory results and so furnished a useful 
control. 

The results obtained may be gathered vdth sufficient accuracy from 
the figures. Fig. 1 shows an experiment of type (a) in which the per- 
centage of CO in the blood, the spleen extract and the liver extract are 
plotted against the time in minutes. There is no appreciable difference 
in CO content between the lower extract and the blood of the general 
circulation — but the spleen extract only acquires its hemoglobin much 
more slowly so that as much as half an hour may elapse between the 
time at which the blood in the general circulation has a certain content, 
say 53 p.c. saturation and the time at which the general mass of hemo- 
globin in the spleen acquires the same CO content. 

The same story is told by the experiments of type (6), Fig. 2 shows 
such an experiment. The concentration gas used proved to be slightly 
greater than that used in Exp. 1, giving the .blood a percentage saturation 
of 67 p.c. instead of 62 p.c. CO. The first part of the figure shows the 
data from Fig. 1 adapted slightly to meet the slight difference in concen- 
tation. It therefore shows the rate at which the rat and its spleen were 
presumed to have acquired their CO. The second half (from the first hour 
onwards) shows the course of the actual experiment. It lasted four hours,^ 
at the end of which the two lines were within the region of experimental 
error of one another and the curve was very flat so that at this point the 
diagram became valueless. It is clear the lag in the exit of CO from the 
spleen may be an hour and a half as is shown at the point of 20 p.c. 
saturation. 

The interpretation to be put on these diagrams is that as follows. 
One may consider the facts from one of two points of view. (1) The blood 
corpuscles may be regarded as in circulation in some portions of the 
spleen but stagnant in other parts, and the CO may be supposed to go 
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by diffusion from the circulating corpuscles to the stagnant ones in which 
case, the time taken up by the diffusion process accounts for the lag, 
or (2) one may suppose that all the CO is contained in corpuscles which 



circulate and that there is no diffusion from one corpuscle to another. 
It is not suggested that either of these views is correct, they are merely 
the extremes between which the actual truth probably lies. According 
to the first view the time which some at least of the corpuscles are re- 
tained in the spleen is infinitely long, according to the second it is at least 
an hour and a half, for clearly if the average composition of the whole 
mass of corpuscles in the spleen pulp is the same as that of the blood 
ninety minutes previously, many of the corpuscles must have been there 
considerably longer than that time. 

It would appear, then, that much of the spleen pulp is a sort of 
“backwater” in which large quantities of corpuscles can be held. In 
this respect it differs from the liver in whieh if the corpuscles stagnate 
to any extent, they do so in such close contact with the general circula- 
tion, that the time taken for the CO to diffuse into them is inappreciable 
by the method used in the above research. 
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CONCIitJSION. 

When the hasmoglobin of the spleen pulp, in rats breathing -06—1 p.c. 
CO, is compared with that of the general circulation, there is a lag between 
the percentage of CO haemoglobin in the general circulation and that in 
the spleen pulp which, it is shown, may Attain thirty minutes, A similar 
lag which may attain ninety minutes in demonstration in rats which 
have been breathing CO and are exhaling this gas. 

The expenses of the research have largely been borne by the H®moglobin Committee 
of the Medical Research Council. 
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NOTE ON THE EFFECT OF EXTERNAL TEMPERA- 
TURE ON THE CIRCULATION IN MAN. By JOSEPH 
BARCROFT (Cambridge) and E. K. MARSHALL, Jr. (Johns 
Hopldns University). 

(From the Fhysiological Laboratory, Cambridge.) 

Uy’eno(I) showed in cats under urethane, that a rise in the temperature 
of the surroundings, whether they were air or water, caused a considerable 
increase in the minute volume of blood in circulation, whilst exposure 
to cold had the opposite effect. These results were accompanied by 
changes in the body temperature and metabolism so considerable, that 
the circulatory effects might with some reason be regarded ns secondary. 
One idea in starting the present research was to test whether exposure 
to heat or cold in man had similar effects to those demonstrated by 
Uyeno on the cat, though the accompanying change in body temperature 
in man is very slight. It is clear, of course, that the circulation in the 
skin varies with the temperature of its surroundings. If, however, the 
circulation in the skin is normally increased by A litres per mimite it 
is not clear whether the total minute volume is increased to the same 
extent, or whether other parts of the body are deprived of A litres per 
minute in order that the blood may be diverted to the skin. So far we 
have only obtained a partial answer to this question, as other interesting 
points arose which we shall now describe. 

Method. Our method of measuring the minute volume in man is 
based on the “triple extrapolation method” of Redfield, Bock and 
Meakins(2). "We commenced by using this method but soon found that 
there were numerous cases in which the three extrapolations did not 
meet in a single point. This and other reasons Jed us to modify the method. 

By the method of triple extrapolation the minute volume may be 
calculated from tension either of oxygen or carbonic acid pressures and 
consequent oxygen or carbonic acid content of the mixed venous blood. 
If the calculation be made correctly, whether on the basis of the oxygen 
or that of the carbon dioxide, the same answer for the minute volume 
should be obtained. If the estimates made from the two sets of data 
(oxygen and carbon dioxide) differ, one or both must be wrong. Under 
any given circumstances, therefore, there can then be only one possible 

10—2 
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in the centre of which is placed the observed point. If a line he drawn 
touching the left margin of the square round A^ and the right of 

the square round A 2 and another touching 
the right margin of A-j. and the left margin 
of A 2 , their intersection with the equi- 
librium line shows the limits of accuracy 
of the observed venous tension of oxygen. 

In Fig. 3 this would be about hi mm., 
i.e. the true point of oxygen tension in 
the venous blood may be 0*7 mm, on 
either side of the point at which the inter- 
secting line cuts the equihbrium line. In 
some cases the error is greater for it will 
be clear that the greatest accuracy is 
■ only to be obtained by arranging the 
experimental details so as to secure the 
maximum separation of the points A^ and 
A 2 and the closest proximity between A^, 
the equilibrium line and the optimum 
slope of the intersecting line. The desired 
result is most nearly obtained by ex- 
tending the time which elapses between 
the two points to the longest admissible 
interval. This in rest is unfortunately only 
about ten seconds, whilst in exercise it would be even less. 

Control experiments were designed to see whether the degree of 
accuracy which appeared possible theoretically could be obtained in 
practice. In the following experiment in which four intersecting lines 
were determined one after the other, the subject had been seated for 
one hour before the determinations were made, in order to get his 
circulation into a nearly stable condition. The determinations were 
made within 15 minutes with the following results: 




A 

B 

C 

D 

Mean 

Oxygen tension mm. 

39-6 

40-2 

40-5 

400 


% saturation 

Oxygen difference between arterial and 

68-9 

70- 1 

70-6 

69-8 


venons'blood in c.c. per litre 

Minute volume of blood in litres 

51-5 

49-4 

48-4 

49-9 


6-02 

6-29 

6-42 

6-23 

6-24 

Systolic output (pulse 70) c.c. 

86 

90 

92 

89 

89 


Uniformity was obtained to the extent of about 230 c.c. from the 
mean value of under 4 p.c. of the minute volume. 
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Another point of which we were anxious to make sure was that the 
addition or otherwise of carhon dioxide to the nitrogen in the bag made 
no difference to the observed minute volume. Naturally when carbon 
dioxide is added to the alveolar air, determinations show a higher pressure 
of that gas, and they also show a higher pressure of oxygen (that of 
Fig. 3 being higher than that of Ai and that of B^ than that of A^) but 
the lines drawn through the A and B points respectively intersect the 
equilibrium line within half a millimetre's oxygen pressure of one 
another. This is shown in Fig. 3 where the shaded portion is within the 
experimental error of both the A determinations (without carbon dioxide 
in the bog) and the B determinations (with carbon dioxide). 

The normal blood Jloio. Considerable disou.ssion has taken place as to 
what may be regarded as the normal blood flow in man. The views of 
most observers tend to fall into two groups, Krogh and •Lindhard(3) 
believing it to be 3 to 4 litres per minute, whilst Dougins and 
Haldnno(l) regard it ns about 7 litres. At first sight the point may 
not seem to be worth stressing as Krogh and Lindhardp) have 
observed normals higher than the figure given above whilst Dougins 
and Haldane have observed cases which they regard as exceptional 
which approximate to Krogh’s figures, and minute volumes os low os 
2-6 litres have been reported. Nevertheless behind this discussion there 
lies a more fundamental point. The normal pulse-rate may be regarded 
as capable of something of the order of a threefold increase during 
exercise. If the normal flow at rest is 7 litres and if this also were 
increased threefold during exercise, the resulting 21 litres could con- 
ceivably transport about 4000 c.c. of oxygon for the use of the body. 
Over this range then the output of the heart at each beat might remain 
constant, but if on the other hand the normal “minute volume” is but 
3 litres and this be increased threefold less than 2000 c.c. of oxygen per 
minute could be carried from the lungs — a quantity much less than 
what we know to be actually used by the body. Thus the 7 litre normal 
is consistent with a doctrine of the uniformity of systolic output put 
forward by Yandell Henderson in 1906(5) os the result of experi- 
ments on dogs and recently given considerable support by Douglas 
and Haldane, while the 3 litre normal is inconsistent with that theory. 
It is therefore less the “normal” than the “minimal” minute volume 
which is of interest. The above authors do not define with any great 
precision the circumstances which they regard as “normal.” 

In the experiments which follow we have felt at liberty to apply that 
term to the “minute volume” of a person who has been sitting for 
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15 minutes or more quietly in a chair, for the works of Campbell, 
Douglas and Hob8on(6) and also of Lupton(7) show that but a few 
minutes suffices, after muscular exercise for the metabolism to return 
to its normal level. Moreover Lindhard in a recent paper has shown 
that after muscular exercise the blood flow falls rapidly within the first 
few minutes. At the end of about 15 minutes it settled in the subjects 
whom he observed apparently to a nearly constant level. His figures 
only extend to the 24th minute after exercise. 

The following determinations of the minute volume measured not 
less than 15 minutes after the commencement of rest, show that it is 
capable of great variations, and that while the majority of observations 
on Bancroft are of the order of 7 litres those on Marshall are for the 
most part about half that amount; So far our results show the same sort 
of divergence as those of other authors (see Krogh and Lindhard (3)). 
But a bald statement that Bancroft’s minute volume is about 7 litres 
while Marshall’s is about 3 only gives a partial picture of the difference 
between the two, for by sufficient rest Bancroft’s also may be reduced to 
the lower figure. The difference between the vascular systems of the two 
men seems to lie in the fact that Marshall’s minute volume settles rapidly, 
i.e. within 15 minutes, to a nearly steady value, while Barcroft’s gradually 
falls for at least two hours after taking his seat on occasions to something 
near the same final value. In neither case, however, is our experience 
quite the same as that of Lindhard who says “At rest the utilisation is 
rather small and of fairly constant magnitude” for in the case of Marshall 
the utilisation though fairly uniform is not small while in the case of 
Barcroft the utilisation — at first small is not at all constant, for it will 
be clear from the figures which are given below that the change in minute 
volume is associated with altered utilisation rather than altered meta- 
bolism. 


Observations in minute volume — sitting, 

Barcroft Marshall 



A 

— 

B 

C 

~D 

A 

“b 

G 

Time from taking seat, minutes 

65 

60 

90 

120 

08 

78 

131 

Metabolism in c.c. of oxygen per minute 

301 

301 

296 

291 

274 

281 

261 

Oxygen tension in venous blood, mm. 

45 

42 

•40-6 

38 

35-8 

34 

33' 

Utilisation c.c. per 100 of blood 

200 

24-5 

25-3 

29-0 

28-5 

42-6 

44- 

Minute volume in litres 

Pulse rate 

7-9 

6-7 

6-2 

5-3 

3-8 

3-8 

3‘ 

68 

62 

66 

61 

73 

69 

63 

Systolic output in c.c. 

116 

108 

93 

87 

62 

5.6 

51 


The effect of cold. The effect of cold more extreme than that produced 
by sitting in the laboratory in cold weather was tested in the cold storage 
laboratory, for the use of which we are indebted to Mr W. B. Hardy. 
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Our experiments were planned as follows. The subject sat for 10 minutes 
at 15° C. just outside the cold room, at the end of which his minute volume 
was measured. Then he walked with the least possible effort about 
10 yards into the cold passage (temperature — 1°) and at the end of 
15 minutes his minute volume was again determined. Bnroroft proved 
much less sensitive to cold than Marshall. It was necessary for him to 
remove most of his clothing in order to become sufliciently chilled in the 
time. The criterion of coldness at which we aimed was that at the end of 
the 15 minutes the tendency to sliivcr should be well marked. It was 
found easy to observe whether or not there was a tendency to shiver by 
holding the knees a little apart as one sat, and seeing whether there was 
a tendency for them to come together. The shivering in our experiments 
never amounted to movement so obvious that it could be observed by 
another person. In the control experiments the subject sat as before 
during the first 15 minutes, then arose and walked once round the room 
to imitate the journey into the cold store and resumed his seat for a 
second 15 minutes. The general effect was the same in all experiments 
differing, however, in degree and was rather unexpected. The minute 
volume increased, as did the metabolism, whilst the pulse rate fell. The 
two phenomena combined produced a very considerable increase in the 
systolic output. In pathological cases such as paroxysmal tachycardia 
(Baroroft, Book and Roughton(O)) and mitral stenosis (Meakins, 
Dautrebando and Fetter (10)) the pulse has been observed to accelerate 
whilst the minute volume decreases. This, however, might be attributed 
to the insufficiency of the heart and be regarded as of the essence of the 
disease. It is doubly important therefore to find a set of conditions in 
health in which the pulse and the minute volume go in opposite directions. 

Effect of exposure for 15 minvtes to — 1° C. 

A=rooni temperature. B=cold store. 

Metaboliam Minute volume Systolic output 


c.c. Oj per min. litre.*' Pulso c.c. 


Subject 

TT 

B 

TT' 

B 

A 


T" 

B 

Barcroft (1) 

348 

412 

0-7 

7C 

73 

GO 

ni 

124 

(2) 

350 

410 

7-4 

n-3 

76 

60 

99 

154 

(3; 

328 

364 

0-5 

8-6 

73 

57 

89 

151 

Maralmll (1) 

269 

408 

5-6 

10-9 

82 

74 

68 

148 





Controls 






A 

A 

A 

A 

A 

A 



Barcroft (1) 

325 

310 

7-6 

5*5 

60 

67 

104 

82 

(2j 

289 

300 

0-4 

6-8 

68 

64 

94 

105 


In tke table given it will be observed that the minute volume always 
goes in the same direction as the metabolism, i.e. goes hand in hand with 
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The particular question which leads us up to this enquiry was one 
raised by the recent high altitude expedition to Peru. In the rather 
limited data obtained by that expedition on its journey into the tropics 
two facts appeared to emerge; (1) that the minute volume for the body 
did not increase in passing from a temperate to a tropical climate, and 
(2) that the blood volume increased and that to such an extent as to 
involve an increased formation of corpuscles. If the circulation through 
the sldn amounted, as would appear from the above determinations, 
to about 3 litres, the deduction would be that the circulation through 
the body was reduced by that amount. A possible stimulus to the blood 
formation would then be the deprivation of the blood forming organs of 
part of their oxygen supply. Thus the new blood formation would fall 
into line with the general principle that anoxaemia causes an increased 
actiAuty of the red marrow. 

T/ie inconsistency of the systolic output. Throughout the experiments 
detailed above, but more especially those upon cold, there is a considerable 
variation in the systolic output amounring in some cases to over 100 p.c, 
in a relatively short time. As mentioned above, Yandell Henderson 
put forward the general thesis that the systolic output is constant and 
this received a general support from the work of Douglas and Haldane. 
Our observations clearly cut right across any such generalisation, never- 
theless there is less conflict than appears at first sight between our work 
and that of Douglas and Haldane. The conflict is only when their 
results obtained over a limited range of minute volumes — and a range 
in which we have not worked— are expressed as a general principle. 
Douglas and Haldane obtained a constant systolic output with 
minute volumes of from 7 to 8 litres upwards, whilst we have worked 
with minute volumes of from 7 to 8 litres downwards. It should be noted 
indeed that two persons are cited (Adolf and Peskett) in Douglas and 
Haldane’s paper with a resting minute volume of between 4 and 6 litres. 
These show an increased systolic output when the minute volume is 
increased. Indeed the meagre data in Adolf show a constant systolic 
output above a point somewhere between 6 and II litres (op. ciL p. 8d). 

Possibly at very high minute volumes the systolic output alters again. 
But while it may be argued that the systolic output is constant within 
certain limits of minute volume there is at present no evidence to show 
that it is constant within given limits of heart beat. In the experiments 
on heat we have only driven the pulse rate up to about 80 but with very 
various results on the systolic output. - 
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SuiiitABy AKD Conclusions. 

1. A method is described by which the pressure of oxygen in the 
mixed venous blood can be determined more simply and quickly than 
by the triple extrapolation method of Ecdfield, Bock and Meakins. 

2. The minute volume measurements based on this method agree 
with those of other workers in showing great differences in different 
persons. This divergence is to some extent due to the length of time 
which the different individuals require in order to reach a steady state. 

3. In man exposure to cold till the point of shivering is nearly reached 
increases the minute volume whilst it slows the pulse, thus producing 
a large alteration in the systolic output. 

4. Exposure to warmth in the case of a person whose minute volume 
adapts itself quickly, raises the same by 3-^1 litres — a quantity which 
probably is a rough measure of the blood flow through the sldn. 

5. At low minute volumes below 8 litres the systolic output is 
susceptible of great alterations. 
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appendix. 

Methods ot oaloulattag tho carbonic acid preosuro in the mixed venous blood, which 
corresponds to a given oxygen pressuro— say 40 mm. 

1. The oxygen pressure is assumed. 

2. The oxygen dissoe.ation curve for cap^ary blood such as e> given by Haldane 
Christiansen and Douglas, This Joum. 48. p 202 .s required. The present example 
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will be worked out for Barcroft’s blood. On his curve 40 mm. oxygen pressure corresponds 
to 66 p.c. saturation. This, then, is the oxygen saturation in the mixed venous blood. 

3. The oxygen saturation in the arterial blood is assumed to be 96 p.c. The coefficient 
of oxidation is therefore 96 - 66 =30 p.c. 

4. The hiemoglobin value was 105. Therefore the total oxygen capacity of the hsemo- 

105 

globin was x -185 =-195 c.c. The actual amount of oxygen which the hiemoglobin o! 


each c.c. of blood gains in the lung is 30 p.c. of -195 =-056 c.c. 

5. In addition the plasma gains oxygen. The amount of oxygen in c.c. dissolved in 

40 

1 c.c. of venous blood at 37° C. and 40 mm. pressure is 0'022 x whilst that in 1 c.c. 


arterial blood is 0-022 x^^. The gain is 0-022 X;^ =0-002 c.c. (correct to the third signi- 
7 d0 7dU 


Scant figure). 

6. The total oxygen gained by the blood is therefore -056 c.c. + -002 c.c. = -058 c.c. 

7. The respiratory quotient measured from the expired air, -80 c.c., the pure respiratory 
quotient is therefore -76 (Methods of Gas Analysis, Haldane, Charles Griffin and Co., 
London, 1912; see table on p. 57). The COj given out in the lung for each c.c. of blood was 
therefore -058 x -76 =-044 c.c. 

8. The CO; pressure in the alveolar air wliich is assumed to be that in the arterial blood 
was 40-2 mm. 

9. The COj dissociation curves for the reduced and oxidised bloods. It is necessary to 
find out the COj content of arterial blood, which is 96 p.c. saturated with oxygen. The 
blood fully saturated with oxygen at 40-2 mm. COj pressure contains 51-5 c.c. COj per 
100 of blood. Whilst fully reduced it contains 57-4 c.c. — difference ( 57 - 4 -51-5) =5-9 c.c. 

96 

The actual content of the arterial blood at 40-2 mm. pressure is therefore 57-4 - 5-9 ^100 


^or 51-6 •4-6-9 X =51-7 c 0 . COj per 100 c.o. blood, t.e. 0-517 c.c. COj per 1 c.c. of 
atterial blood. 

10. The COj content of 1 c.c. of venous blood is therefore 0-517 + 0-044 =0-561. 

11. It remains to find the partial pressure at which 1 c.c. blood contains 0-561 c.c. COj 
when 66 p.c. saturated -with oxygen; this is done by a process similar to that given in 
section 9 and is 47-1 mm. [For the processes described in sections 9 and 11 it is best once 
for all to construct a diagram giving the COj dissociation curves for the oxidised and reduced 
bloods between 35 and 65 mm. pressure, and interpolating the curves for each 10 p.c. 0, 
saturation between the two.] 



VARIATIONS IN THE BLOOD CHLORIDES IN 
RELATION TO MEALS. Parti. ByB. C. DODDSi 
AND K. SHIRLEY SMITH. 


(From the Biochemical Department, Bland-Sulton Institute of Pathology, 
Middlesex Hospital.) 

Tms paper forms one of a series of investigations into the body changes 
accompanying meals. In previous papers the variations in alveolar 00,(1) 
tension in relation to meals have been described, and also the accom- 
panying changes in blood 00^ tcnsion(2). It was shown by one of us 
(E. C. D.) in conjunction with McIntosh that as the alveolar CO 2 
tension rose during gastric secretion the corpuscular CO 2 content also 
increased, but the plasma COj content remained more or less constant. 
During the fall in COj tension in the alkaline period of secretion there 
^as a fall in corpuscular COj content, the plasma again remaining more 
or less constant. No change could be detected in plasma alkali reserve 
or actual hydrogen ion concentration as measured by the hydrogen 
elefctrode. 

It was thought that a study of plasma and corpuscles in relation to 
meals might yield some information on the mechanism of production of 
HCl in the gastric juice. That the corpuscles must play some very im- 
portant part in the production of HCi is shown by their varying com- 
position during gastric secretion as contrasted with the relative constancy 
of composition of the plasma during this period. The importance of the 
red blood corpuscles in transferring chlorine to and from blood plasma 
has been shown by several observers, notably by Haggard and Hen- 
der8on(3) and by Dautrebande and Davies(4) on the hsemato- 
respiratory functions. 

The present investigations were made into the chloride content of 
the blood in relation to meals. The subjects were all healthy students, 
on whom a fractional gastric analysis had been performed. By this 
means subjects with achlorhydria were excluded. Two series of ex- 
periments were carried out. In the first series the chlorides contained 
in the whole blood, plasma, and corpuscles were estimated before the 
mid-day meal and at varying intervals after it. Only two samples of 

I Working on behalf of the Medical Research Council. 
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blood were taken from the same individual. In tbe second series blood 
cbloride estimations were carried out in conjunction with fractional 
gastric analysis, three samples of blood being taken from each subject. 

Method. Series I. Between 8 and 10 c.c. of blood were drawn from 
a vein of a fasting subject, and shaken with a crystal of oxalate to prevent 
clotting. About two-thirds of the blood was centrifuged at once to 
minimise possible extra-vascular changes in chloride-partition in the 
blood. The remaining third was estimated by Wetmore’s method(5) 
for chlorides. Plasma taken after 10 minutes’ centrifuging was then 
estimated. It was attempted also to measure chloride content directly 
in the corpuscles by a, modification of Wet more’s method but it was 
found that the values obtained did not agree mth those calculated from 
the whole blood and plasma readings taking the corpuscles as con- 
stituting 48 p.c. by volume of the whole blood. It also became apparent 
that certain experimental difficulties tended to make the corpuscle 
determination inaccurate; these determinations were therefore dis- 
regarded, and the calculated values used in their place. 

The meal was taken as a rule between 1 and 1.30 and the second 
sample of blood drawn at times varjdng from 40 to 135 minutes after 
th^ beginning of the meal. By such a procedure it was hoped to demon- 
strate any changes occurring in chloride content and partition as a result 
of gastric, and possibly of the beginning of pancreatic secretion. 

As control experiments, four subjects were investigated exactly as 
described above, except that no meal was taken between the drawing 
of the first and second sample of blood. One of the control subjects had, 
in a previous experiment, shown considerable variation in blood chloride 
as a result of a meal. 

Method. Series II, The subject came to the laboratory at about 
9.30 a.m., having taken no food since the previous evening. He then 
swallowed the oesophageal tube, resting juice being extracted from the 
stomach by means of a syringe every quarter of an hour; this juice was 
estimated for free HCl. With the stomach empty, blood was drawn and 
estimated as whole blood and plasma, as previously described, the 
\corpuscle values being calculated. The subject then drank a pint of the 
^st-meal recommended by Krohn and Eei8s(6) and 10-15 c.c. of 
stomach contents were withdrawn at quarter-hour intervals thereafter; 
each sample was estimated immediately for free Hd and total acidity. 
Whbn it was found that the height of the gastric HCl secretion was at 
hand a second sample of blood was taken and estimated as before. 
Binall , a third quantity of blood was taken about two hours after the 



CHLORIDES IN BLOOD. 159 

meal when the gastric secretion was drawing to a close and the stomach 
was practically empty. 

Results. In Table I the experiments have been arranged in order of 
Table L 




Cl before meal in* 

Time 

between meal 
and taking bloo 
(mins.) 

Cl after meal 

in* 


Sabject 

Whole 

blood 

Plasma 

Cor- 

puscles 

d Whole 
blood 

Plasma 

Cor- 

puscles 


H. K. E. 

•48 

•005 

•345 

40 

•47 

•695 

■335 


2 

B. M. R. J. 

•50 

•05 

•463 

40 

•47 

•00 

•329 

1 

3 

R. W. D. 

•485 

•67 

•393 

40 

•45 

•505 

•325 


4 

W. 

•6 

•785 

•101 

65 

•425 

•025 

•208 


5 

J>, P. G. 

•48 

•Cl 

•339 

GO 

•49 

•605 

•305 


6 

H. 

•42 

•675 

,«>rn 

76 

•42 

•50 

•268 

• .A 

7 

G. C. P. 

•44 

•58 

•288 

DO 

■45 

•57 

■320 


8 

H;I. D. 

•476 

•57 

•372 

100 

•405 

•585 

■335 



F. 

•40 

•69 

•332 

105 

•48 

•59 

•361 

3 

10 

F. 0. W. 

•44 

•605 

•305 

135 

•425 

■545 

•295 




* Firarcs represont ohloridb as NaCl in gm. 
t Subsequently found to be aclilorhydric. 

per 100 c.c. 




length of time intervening between the meal and the drawing of the 
second sample of blood. With regard to the chloride content of the whole 
blood it is seen that as a general rule the meal is followed by a fall which 
may amount to 16 p.o. of the initial quantity present. The chlorides of 
the plasma show a more uniform decrease, though in one instance (No. i) 
it was rather more than 20 p.c. This subject, however, had an unusually 
high plasma content before the meal. No. 8 is the only exception, and 
since he showed a fall in a subsequent experiment with the oesophageal 
tube, it may be concluded that in this case some error has crept in. But 
it is in the corpuscles that the most striking changes in chloride content 
ate fotmd. In this respect the experiments may be divided into three 
groups: (1 to 3) with a time interval of less than 45 minutes; (4 to 7) 
with an interval of 45-90 minutes; and (8 to 10) with an interval of 90- 
136 minutes. In thefirstofthesegroupsisshownadecidedfallin chlorides, 
m the second a marked increase (approximately 8 p.o.), and in the third 
group a fall not quite as great as in the first group. 

In Table II the results of the combined blood and gastric analyses 
ate shown. It can be seen that in the specimen of blood removed at the 
height of gastric secretion there is a fall in plasma and a rise in corpuscular 
chloride content. The whole blood chloride content shows a steady fall. 
At the termination of the curve of gastric secretion, the plasma chloride 
content shows a partial recovery to its former value, whilst the corpuscular 
value shows a fall to below the initial value. This is well shown in oases 
1 and 2 of Table II. Case 3 is one showing a prolonged gastric secretion. 

PH. Lvin. 11 
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The second and third samples of blood were drawn while the curve of 
secretion was still on the rise. The values obtained, therefore, correapCnd 


1. G. C. P. Meal at 10.65 a.m. 


Time 10.0 10.30 

10,56 11.15 

11.30 11.45 

12.6 12.20 12.35 

12.50 

Free HCl in o.c. N/10 0 0 

0 16 

40 60 

30 36 28 

20 


CL as gm. NaCl per 100 c.c. 



Whole blood 

Plasina 

Corpuscles 


Blood I taken at 10.35 

•46 

•676 

•336 


Blood II taken at 12.0 

•46 

•65 

•363 


Blood in taken at 1,5 

•445 

•67 

•310 


2. H. I, D. Meal at 10.35 a.m. 





Time 10.15 10.30 

10.60 11.5 

11.20 11.35 

11.60 12.6 12.20 

12,35 

Free HCl in c.c. N/10 10 24 

3 12 

60 74 

76 66 30 

44 


Cl. as gm. NaCl per 100 c.c. 



r 

Whole blood 

Plasina 

Corpuscles 


Blood I taken at 10.35 

■60 

■63 

•359 


Blood II taken at 11.66 

•49 

•605 

•366 


Blood III taken at 12.60 

•485 

•61 

■349 


3. A, M, F. Meal at 11.15 a.m. 





Time 10.10 10.30 

10.45 11.0 

11.20 -U-SS 

11.50 12.6 


12.20 12.36 

12.60 1.6 

1.20 1.35 

1,60 


Free HCl in c.c. N/IO 0 28 

30 43 

0 0 

0 17 


36 62 

.58 68 

60 65 

70 



Cl. as gm. NaCl per 100 c.c. 


( 



\ 



Whole blood 

Plasma 

Corpuscles 


Blood I taken at 10.16 

•62 

•63 

•401 


Blood II taken at 12.30 

•51 

•63 

•380 


Blood ni taken at 1.57 

•51 

•618 ' 

•396 



to those of 1, 2, 3 in Table I, and hence show a fall in corpuscle and 
plasma chloride. The final specimen shows a marked rise in coipusoular 
chloride content. 

The readings of the four control experiments are given in Table HI. 


Table III. Control experimeiits. 
Clin* 


Cl in (1 hour Inter) Cl in (2 hours later) 


No. 

Subject 

Whole 

blood 

Plasma Cotp. 

Whole 

blood 

Plasma 

Corp. 

Whole 

blood 

1 

E. C. D. 

■48 

•61 

•339 

•48 

•61 

•339 

•48 

2 

A. L. W. 

•47 

•69 

•340 

•472 

•89 

•344 

•47 

3 

A. N. K. 

•50 

•78 

•197 

•50 

•78 

•197 

•60 

4 

B. M. R. J. 

•47 

•59 

•340 

•47 

•58 

•351 

— 


* Figures represent chloride as NaCl in gra. 100 c.c. 


•61 

•60 

•78 


Corp. 

•339 

•329 

•197 


From them it may be seen that the fluctuations in Hood chloride content 
bf whole blood, plasma and corpuscles in the absence of a meal are 
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extremely small, and well witliin the limits of experimental error. This 
fact is still better demonstrated by a comparison of the figures for 
Subject 4 with his figures in Table I (No. 2) where a metd intervened 
between the drawing of the samples of blood. 

■j Discussion. It was found by Gurber(7) that as a result of increase 
ia the CO, tension in the plasma, the alkalinity of the latter increases. 
This, he found, was due to a migration of Cl into the blood corpuscles, 
the kation being left to form bicarbonate with the COj of the plasma. 
Further, it has been shown by one of us (E. C. D.) that such a condition 
of increased blood COj tension, os evidenced by increased alveolar COj 
tension, occurs after a meal during the period of gastric secretion. It 
would bo expected then at this time to find also an increase in the 
chloride of the corpuscles, and this fact is demonstrated by the figures 
given in Table I (4 to 7). 

Wfithin the first 40 minutes following the meal, a sudden demand for 
Cl is made on the blood, with the result that the chlorides fall umversally. 
As gastric secretion proceeds and the blood CO 2 tension rises the plasma 
must not only give up Cl to the gastric glands but also to the corpuscles 
which become loaded. The loss of Cl from the plasma is possibly made up 
in part from the chlorides of the tissue spaces and re-absorption from the 
digestive tract. Between IJ and hours following the meal, gastric 
■ secretion is coming to an end, and pancreatic secretion with its con- 
comitant fall in blood COj tension is setting in. The last group in Table I 
(8 to 10) shows how the corpuscles unload their excess Cl in response to 
falling CO 2 tension in the blood. 

How far the increase in chloride content of the corpuscles plays a part 
in the mechanism of formation of the gastric HCl cannot as yet be said. 
It may be that this redistribution is merely a necessary result of the 
changes in CO 2 tension, in combination .with the property of permeability 
possessed by the cell. However, in the light of a great body of work 
which demonstrates the immense importance of the corpuscles as active 
agents in the various fimctions of the blood, it is probable that the 
chloride changes in the corpuscles should be regarded as a step in the 
veiy complicated and as yet unk nown mechanism by which HCl is 
formed and secreted with the gastric juice. 


11-2 
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Conclusions. 

1. The chloride contents of whole blood, plasma and corpuscles were 
investigated at various times after a meal with the following results: 

(а) During the first 40 minutes, the whole blood, plasma, and c(.\ ,■ 

puscle chloride content showed a fall. ' 

(б) During the period between 45-90 minutes after a meal, the whole 
blood chloride content showed a recovery to its normal figure, whilst 
the corpuscles showed a marked increase above the normal value. The 
plasma remained about the same as in the former group. 

(c) From 90-136 minutes following the meal the whole blood chloride 
content had again fallen slightly. The plasma and corpuscle values 
showed a partial return to the initial values. 

2. By combining fractional gastric analyses with blood chloride esti- 
mations, the first period was shown to correspond with the commencement 
of gastric secretion, the second with the height of gastric secretion, and 
the third with termination of gastric and probably the beginning of 
pancreatic secretion. 

3. A series of control experiments was performed in which the meal 
was omitted. No change in blood chlorides could be demonstrated. 

4. In accordance with the increased alveolar COg tension during the 
period of gastric secretion, it was found that the corpuscles increased 
their chloride content, tlie latter decreasing again with falhng alveolar 
CO 2 tension. This^is in agreement with the so-called “ Hamburger effect. 
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THE HEAT OF COMBUSTION OF GLYCOGEN IN 
RELATION TO MUSCULAR CONTRACTION 
By W. K slaters 

(From the Physiological Laboratory^ Manchester ) 

Haetree and in a recent paper have given a full analysis of 

the heat evolved in the various stages of isometnc muscular contraction, 
and applying Moyerhof*s( 2 ) figure of 370 cals per gm of lactic acid 
formed under anaerobic conditions were able to give absolute values for 
the different phases of activity The following figures are pertinent to 
the investigation desenbed below 

Total anaerobic heat 370 cals per gm of lactic ncid 
Total initial heat 290 »» 

Delajed anaerobic heat 74 ,» t» 

It IS of interest to compare these figures with those calculated from 
the heats of combustion of glycogen and lactic acid, and the heat of 
neutrahsation of lactic acid by salts such as phosphates and carbonates 
or by alkah-protem- 

If the accepted chemical view be correct, it should be possible to 
account for the imtial and delayed anaerobic heats with considerable 
accuracy by the heat changes taking place in the decomposition of 
glycogen and the neutralisation of the resulting lactic acid 
For the purposes of the calculation there are available 
(a) the heat of combustion of lactic acid in dilute solution, determined 
by Meyerhof (3) to be 3601 cals per gm , 

(&) the heats of neutralisation of lactic acid by salts and alkali- 
protem, shown by the same worker(3) to be 19 cals and 138 cals per gm 
respectively, and 

(c) the heat of combustion of glycogen for the sohd anhydrous 
material, which had been determined by Stohmann and Schmidt(4) 
who obtained the value 4190 cals per gm 

Since 0 9 gm of anhydrous glycogen yields 1 gm of lactic acid, the 

* Working for the IFedical Research Council 

* Tho term alkali protein la used throaghout the paper to signify the sodium and 
potasamm salts of protein 
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heat of combustion of the glycogen forming 1 gm, should be 0-9 x 4190 
cals., i.e. 3771 cals. As the resulting gram of lactic acid has a heat of 
combustion of 3601 cals, the heat liberated in its formation from glycogen 
could only have a maximum value of 170 cals. That this value is a 
maximum must follow unless the hydration and solution of glycogen 
are endothermic processes; from analogy, however, it is probable that 
the value would actually be too large, since in similar substances the 
hydration and solution are definitely exothermic. 

If it be assumed that the lactic acid is neutralised immediately on 
formation by the alkali-protein, a value is obtained of (170 -f 138), i.e. 
308 cals, for each 1 gm. of lactic acid formed. This value would explain 
the initial heat, but would leave the delayed anaerobic heat entirely 
unaccounted for. It is necessary, therefore, if the figures on which the 
calculation is based be assumed to be correct, to postulate some further 
process so far unknown, which takes place in anaerobically contracting 
muscle at a comparatively slow rate for some time after the formation 
and neutralisation of the lactic acid. It is difficult in view of the chemical 
evidence to imagine what form such a reaction would take. 

It was suggested to the author by Mr A. D. Bit chi e that an investi- 
gation of the heat of wetting and solution of dry glycogen might throw 
some light on this discrepancy. The work was undertaken, and ulti- 
mately developed into a redetermination of the heat of combustion of 
glycogen. Those details of the investigation which are purely chemical 
will be given in another place, after some further points of interest in 
connection with the chemistry of glycogen have been elucidated. The 
present outline is intended merely to indicate the points of physiological 
interest. 

The glycogen was prepared from sea water mussels {Mylilus edvlis) 
which provide an easily purified and plentiful source of the material. 
The purification process consisted of heating on a water bath with 60 p.c. 
potash, and repeated precipitation with alcohol. The final product was 
ash free, fat free, and contained only minute traces of nitrogen. When the 
product was dried in an air oven at 110° C., a method generally adopted 
by previous workers, it was foimd impossible to reach a stage where the 
preparation ceased to lose weight. As an alternative, the glycogen wet 
^vith water and alcohol was dried by distilling ofi the constant boiling 
mixtures of alcohol-benxene-water and alcohol-benzene or water-benzene 
asXthe case might be, after the manner described by Atkins and 
Wilson (5). The resulting product after the benzene had been removed 
in aqurrent of air, was an amorphous white solid stable in air, which 
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on nltimate analysis proved to bo the hydrated form (CjHiijOs.HjO)^ 
and not the anhydrous substance (C 5 Hj|, 05 )„. 

Considerable interest attached to the further drying of the hydrate. 
When it was dried over calcium chloride in vacuo, the half hydrate 
(C,Hj 505 .JH 20 )„ resulted. A similar observation was made over fifty 
years ago by BizioCS). Drying in an air oven at 110° C. does not give 
oomplete dehydration. After ten days’ continuous drying the glycogen 
still contained 6 p.o. of its water of hydration, and the rate of drying 
had become almost negligible. The product was hygroscopic, picking up 
water rapidly on exposure to air. These observations are in agreement 
with those made by Harden and Young(7), who showed that only by 
heating to 100° C. over phosphorus pentoxide in vacuo could glycogen 
be rendered completely anhydrous. 

As previous workers had prepared “anhydrous’’ glycogen by drying 
in an air oven, it seemed probable that their figures for the heat of 
eombustion would be too low, owing to the unsuspected presence of 
water in the purified glycogen used. It was decided, therefore, to repeat 
the determination of the heat of combustion, in addition to the deter- 
mination of the heat of wetting and solution. The total heat of wetting 
and solution of the hydrated glycogen was determined, the average value 
obtained in three experiments, which agreed within 1-5 cals., being 
9 cals, per gm. For the heat of combustion a value of 3883 cals, per gm. 
as the average of five concordant experiments was obtained. Hence the 
value for the heat of combustion of hydrated glycogen in solution is 
3874 cals, per gm. This is about 100 cals, higher than that deduced from 
the determination of Stohmann and Schmidt. 

Employing Meyerhof’s value for the heat of combustion of lactic 
acid the heat liberated on the conversion of 1 gm. of glycogen to 1 gm. 
of lactic acid works out at (3874-3601), i.e. 273 cals. If it be assumed 
that the neutralisation of lactic acid on formation is carried out entirely 
by salts, then the heat liberated during contraction and relaxation would 
be (273 -t- 19), i.e. 292 cals, per gm. of lactic acid formed. This figure is 
in remarkable agreement with the total initial heat as determined by 
Hartree and Hill, viz. 296 cals. 

Meyerhofp) and Hartree and HillO) have shown that salt 
buffering alone is inadequate to deal with the large amounts of lactic 
acid formed during continued muscular activity. It would seem reason- 
able therefore to assume that the immediate salt buffering is only tem- 
porary in character, and replaced by the more efficient and more 
thermostable buffering by alkali-protein as the opportumty offers. That 
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it is tWs change over from one type of buffer to the other, which is the 
source of the delayed anaerobic heat, offers a simple explanation for this 
phenomenon. The complete change woidd produce a further 119 cals., 
so that, with only 74 cals, to accoimt for, the reaction need not be assumed 
to proceed to completion, but only to the extent of about 60 p.c. The 
change is not likely to involve the lactic acid further, but to consist of 
a transfer of alkali from protein to acid phosphate and carbonic acid. 

Hartree and Hill have further shown, that the velocity of the 
reaction responsible for the delayed anaerobic heat reaches a maximum 
about 2^ minutes from its commencement, and is independent of the 
time of stimulus and temperature. If the reaction responsible for the 
delayed anaerobic heat were purely chemical in character, the inde- 
pendence of its velocity of time of stimulus and temperature would be 
difELcult to explain; this difference is typical rather of a physical process. 
The difficulty, however, is easily overcome if it be imagined that the 
controlling factor in the velocity of reaction is the physical one of the 
rate of diffusion of the acid phosphate and carbonic acid ions through 
the muscle tissue, until they come in contact with an alkali-proteiu 
molecule. 

Such a theory seems to demand some special distribution of phos- 
phate and carbonate molecules in the muscle substance. We may 
imagine the small carbonic . acid and phosphate molecules as carriers, 
going out from the neighbourhood of the immediate contractile mechanism, 
where they were initially situated, and reacting with the general muscle 
tissue by combining with alkali again, depositing their acid character, 
so to speak, on the heavy, less mobile, and less acid protein molecules. 
Such a reaction would reach a maximum velocity after a short period of 
time. The concentrated layer of molecules of acid salts existing im- 
mediately after relaxation would have at first no alkali protein within 
range with which to react, but as they diffused apart, each would have 
a greater opportunity of meeting the required type of protein molecule. 
The following scheme may make the hypothesis clearer: 


Contraction, (o) Glycogen -^lactic acid; (6) lactic acid and contractile 
mechanism produce mechanical response. 

Relaxation, (a) Lactic acid + -»-Sodium lactate -f- 

. , . , , (NaHoPOa -f Na protein 

Anaerobic recovery, (a) 


fNa^HPO^ + H protein. 
(NaHCOa 



GLYCOGEN COMBUSTION HEAT. 


167 


SuMMAIty. 

1. A redetennination has been made of the heat of combustion of 
glycogen in dilute solution, and the value, 3874 cals, per gm., obtained 
for the hydrated material (CjHioOs.H20)„. This value is about 100 cals, 
higher than that previously accepted. 

2. It is possible, using this new figure, to explain the actual heat 
measurements on muscle entirely on chemical grounds, by assuming that 
the lactic acid formed from glycogen is first neutralised locally by alkaline 
salts, and that then more slowly these salts are restored at the expense 
of the alkali-protein of the general muscle tissue. 

The author wishes to thank Prof. A. V. Hill, Mr A. D. Ritchie 
and Dr A. L. Robinson for the help and encouragement they have given 
during the progress of the work, and particularly to thank Dr Robinson 
for the suggestion to apply Atkins’ method for the drying of the 
glycogen. 

The expensea of the research have been largely borne by a grant from the Royal Society. 
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LOCALISATION OF THE VASO-MOTOR CENTRE. 

By J. M. D. SCOTT {John Lucas WalJcer Student) 
mx) Fy. EGBERTS. 

{From the Physiological Laboratory, Cambridge.) 

It is now fifty yeais since DittinaT(i)j by the metbod of suecessive 
section located a Yaso-motor centre in tbe mednila, But except recently 
there has been, so fax as we have been able to find, no systematic investi- 
gation of the degree to which the centre can be localised by stimnlating 
the surface of the medulla. Laboide(2), using cats, found a point in the 
medulla where stimulation by piquxe caused slowing and even stopping 
of the heart via the vagus. The surface marking of this point was close 
to the inferior fovea, the actual centre being located in what is now known 
as the nucleus ambiguus. Miller and BowmanO), by unipolar stimula- 
tion in the dog located the cardio-inhibitory centre “in the dorsal vagal 
nucleus (ala cinerea, trigonum vagi).” As they wished to observe' only 
cardiac efiects they took, steps to annul any vaso-motor changes. Ranson 
and Billingsley(4:), using cats, found in the floor of the ventricle two 
points which they cafled the pressor and depressor points. The pressor 
point was situated “at the apex of the ala cinerea or the fovea inferior”; 
the depressor point, stimulation of which caused a faU in hlood-pressure 
even with vagi cut, was situated in the area postrema just lateral to the 
obex. It appears from comparing the -two papers that the cardio- 
inhihitory centre of Miller and Bowman is identical in position with 
the depressor point of Ranson and Billingsley, The latter authors 
make, however, no mention in this connection of any cardio-inhibitory 
efiects. “The same results,” they write, “were obtained with the vagi 
cut as with them intact.” They come to no conclusion Us to whether 
their results are due to stimulation of afierent paths or whether they 
indicate the existence of a vaso-diiator as distinct from a vaso-constnetor 
centre. Baylissts) in discussing these experiments is inclined to the 
latter view. “These centres in the bulb,” he says, “ are, so far as present 
evidence goes, the supreme co-ordinating centres.” Ranson and 
Billingsley are inclined to believe imthe existence of a vaao-tomc as 
dis^guished from a vaso-refiex centre. Their belief in this centre, which 
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they locate in the region of the facial colliculus, is based on what appears 
to us to be the very inadequate ground that stimulation of this region 
gave “somewhat inconstant pressor reactions.*^ In postulating a vaso- 
tonic centre Ranson and Billingsley were influenced by the experi- 
meiivS of Portcr(6) and of Porter and Turner(7). These workers had 
claimed to have identified a vaso-tonic as distinct from a vaso-reflex 
centre on the ground that it was possible by the injection of certain drugs 
such as curare and alcohol to intensify or abolish reflex vaso-motor 
reactions while leaving the vaso-motor tone unaltered. The other inter- 
pretations wWch can with equal reason be placed upon these observations 
have been discussed by Bayli88(5). Moreover it appears from the work 
of Porter and Turner that the existence of the vaso-tonic centre can 
only be revealed Under very special circumstances. “ It is easy,” they 
write, “to obtain a lessening of the reflex, but the greatest care must be 
used if a perfect result is desired. The least mismanagement of the 
anaesthetic, or the least error in the amount of the alcohol, the spread of 
the injection or the interval between injection and stimulation will 
defeat the observation.” It appears to us that if a new centre is to be 
established in all such empirical conditions there would seem to be no 
limit to the process. 

The evidence given for the view that the vaso-motor mechanism in 
the medulla consists of separate centres is open to criticism, and from 
this point of view wc have made experiments upon the efiects of stimu- 
lating the medullary surface. 

Mdhod. Thirteen complete experiments were performed, all upon 
cats. They were previously anaesthetised, some with ether alone, some 
with C.E. mixture, while a preliminary injection of urethane (1 gm. per 
kilo.) or morphia (lOmgms. per kilo.) was sometimes given. We found that 
the form of the ansesthetic did not influence the result though the depth 
of narcosis had an effect to be described later. In some animals the blood- 
supply was temporarily diminished during the operation of exposing the 
medulla. Either the two common carotids were clamped or the two 
subclavians at a point proximal to the origin of the vertebrals. In such 
cases the arteries were released again before the medulla was stimulated. 
In a few experiments we clamped all four arteries but we soon gave this 
up since we formed the opinion that although the medulla continued to 
function as evidenced by normal respiration and blood-pressure it 
appeared to he less sensitive to subsequent stimulation. ^ ... 

The medulla was exposed in the following manner. A median incision 
was made over the occipital region and the occipital hone an at as 
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vertebra cleared of their muscle attachments. The posterior occipito- 
atlantal ligament was then incised and removed. The projeetiEg parts 
of the lambdoidal ridges were broken oS by bone forceps and two sagittal 
saw-cuts made from these ridges to the foramen magnum, each cut being 
about 6 mm. from the mid-line. The part of the skuh lying between these 
two cuts laterally and the lambdoidal ridges superiorly was removed with 
nibbling forceps. Tbe hsemorrhage from the diploe.which, of course, is 
always profuse was stopped by smearing tbe cut surface of bone with 
beeswax. In this way a hole was obtained of sufficient size to allow of 
the removal of the cerebellum by scooping it out piecemeal. This process 
left the floor of the fourth ventricle well exposed and easily accessible to 
stimulation. Except in the first experiment in which fine double electrodes 
were used, the medulla was stimulated by a unipolar stigmatic electrode, 
the indifierent electrode being stitched into the cheek. The shocks varied 
in strength from weak to moderately strong on the tongue. The blood- 
pressure record was taken from the right common carotid artery using 
an ordinary mercury manometer. In this manner we have thoroughly 
explored the floor of the ventricle. 

Fall of blood-pressure. We have identified the “depressor point" of 


Hanson and Billingsley. Its 


usual position which is shown in 
the accompanying drawing is, as 
these authors describe, in the area 
postrema, just lateral to the obex. 
It is bilateral and generally ex- 
tremely localised, being not more 
than 1 mm. in extent. Its position, 
however, is not constant for on 
three occasions we have found it 
as high up as the fovea inferior. 
The fall in blood-pressure which 
occurs when this point is stimu- 
lated after section of the vagi is 
shown in Eig. 2. The fall is evi- 
dently due to peripheral vaso- 
dilatation for the tracing shows 
no diminution in the output of tl 



Fig. 1. Dra'tt'ing of cat’s medulla, x 3. Tbe 
two large dots in the area postrema indi. 
cate the usual points, stimulation of which 
causes slowing of the heart and periphemi 
v-aso-dilatation. The dotted area at the 
inferior fovea marks the region from which 
rise of pressure is most easily obtained. 

e heart. With vagi intact there is in 


addition well-marked slowing of the heart (Fig. 3). The "depressor 
point" is therefore identical with the eardio-inhibitory point foimd by 


Laborde. 
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When the vagus of one side is cut and the depressor point of the other 
side stimulated inliibition of the heart still occurs. This effect is not due 




Fig. 2. Stimulation of depressor point, vagi cut. 
Fig. 3. Stimulation of depressor point* vagi intact. 


to spread of current as maybe shown by the absence of cardio-inhibition 
when an equidistant neutral point is stimulated. There is evidently free 
decussation of fibres here. This region is the only one on the surface of 
the medulla stimulation of which produces both cardio-inhibition and 
peripheral vaso-dilatation. 

The fact that stimulation of the one point produces both eSects 
appears to us to point strongly to the fact that this is not a depressor 
pomt in the sense in which this expression is used by Ranson and 
Billingsley andby Bayliss, but rather that it represents a place where 
the afferent side of the depressor reflex arc comes near the surface, the 
part of the arc which is being stimulated being either the afferent fibres 
of the vagus or their terminations. 

Other facts seem to support this view. First, there is a close similarity 
between the effects of stimulating this point and the effects of stimulating 
the central end of the vagus. Fig. 4 shows the resemblance in the slope 
of the blood-pressure fall in the two cases. Further, in both cases, 
the fall in pressure is usually accompanied by inhibition of respiration. 
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Pig. 4. Comparisoa of blood-presante fait 
produced by atimulation of depressor point 
and by stimnlation of the central end of 
the vagus. 


In those individuals in which the respiratory effect is slight in. the 
one case it is slight also in the other. Secondly, our view is supported 
hy anatomical evidence, for in 
the area postrema are nerve 

fibres in close association with 1%4-a 

the solitary bundle which is 
known to contain afferent 

vagus fibres. ' ' 

Rise of blood-pressure. We ' — 

have failed to identify any 

point which might he regarded ' ' 

as the pressor point. The point ^ 

which Ranson and Billings- 

ley found to give decided and R.Vo^us 

constant pressor reactions we ' — 

have found to give the most ""inr . n !. r r— • r~ * 
variable results. In four ex- 

. , 1 i. • j • Piu. 4. Comparisoa of blood-presanre fall 

penments we obtained a rise produced by atimulation of depressor point 
of blood-pressure accompanied stimidation of the central end of 

in three of these by slowing the vagus, 

of the heart. In six we obtained no decided effect while in the 
remaining three blood-pressure fell. We can only agree with Ranson 

and Billingsley to the extent 

that a pressor effect is more 

.easily obtained from the fovea ^ 

inferior than it is from any 

other point on the surface of ” * 

the medulla. The best effect ff* 

which we have succeeded in _ 

obtaining is shown in Fig. 6. 

Even here the rise in pressure iiM^i*i****i-— • 

is not so great as is commonly ir* 
obtained from stimulation of 

afierent nerva. Were the '■ SSSS"” 

vaso-constrietor centre to be 

localised here a maximum rise should be constantly obtained. 

The discrepancy between our results and those of Ranson apd 
Billingsley we can only explain as due to difference either in the in- 
tensity of stimulation or in the depth of narcosis or a combination of both 
A-». — T> Billingsley admit that they were far from 










Pig. 6. 


Rise of presaure on BtimulatioJi 
of the fovea inferior. 
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obtaining pure pressor effects. “This response,” they write, “may or 
may not be accompanied by respiratory inhibition, excessive respiration, 
cardio-inhibition, or slight movements of the head according to the stage 
of anaesthesiti nnd other variable factors.” We, too, have found some of 
these disturbances nearly always to accompany the rise of pressure. In 
only two instances could we obtain a purely pressor effect unaccompanied 
even by pricking of the ears. It is, moreover, noteworthy that in the 
figures published by Hanson and Billingsley, showing a well-marked 
rise of pressure the cat was under the influence of curare, a drug which 
would of course mask all motor manifestations. 

The influence which the depth of antesthesia and strength of stimula- 
tion exert is easily shown. It is possible in a lightly ansesthetised animal 
to obtain a pressor effect from almo.st any part of the medulla, even from 
the depressor point itself, provided that the current used is sufliciently 
strong. 

The above facta lead us to believe that there is no single point on the 
surface of the medulla which can rightly be termed the pressor point. 
We hold that such pressor effects are to be more readily obtained by the 
assumption that we are stimulating unidentified nerve-cells and nerve- 
fibres, among them probably fibres of an afferent nature such as give a 
pressor effect when any afferent nerve is stimulated. Moreover, the 
experiments of Dittmar would not lead one to expect that blood- 
pressure is imder the control of a centre so well localised as Kanson and 
Billingsley believe. ForDittmarfoundthaton making serial sections 
the pressure fell gradually and he drew the conclusion that the centre 
was some i mm. in extent. In this ho was confirmed by several workers 
subsequently. 

Supposed vaso-tonic centre. We have noticed a dissociation of vaso- 
tonic from vaso-reflex effects for sometimes on ligature of the four 
arteries a high blood-pressure was maintained while the depressor reflex 
and the depressor effect on stimulating the depressor point were diminished 
or abolished. We believe, however, that for such a phenomenon several 
explanations are possible, as for instance Bayliss’s hypothesis that the 
synapses are more readily paralysed by oxygen-want than are the nerve- 
cells. We can find no evidence for the existence of a vaso-tonic centre 
as distinguished from a vaso-reflex centre. 

Conclusions. 

1. We have confirmed the existence of a “depressor point” in the 
area postrema. It coincides with the so-called **cardio-inhibitory 
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centre.” We believe it to represent a point where afferent vagal fibres 
belonging to the depressor arc occupy a superficial position. 

2. There is free decussation of cardio-inhibitory fibres between the 
two depressor points. 

3. The rise of pressure obtained sometimes from the fovea inferior 
is part of a mixed effect which for the present defies analysis. There is 
not sufficient evidence to localise a “vaso-constriotor centre” here. 

4. Stimulation of the surface of the medulla gives no evidence of the 
existence of a vaso-tonic as distinct from a vaso-reflex centre, or of the 
existence of a vaso-dilator centre. 
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A QUANTITATIVE COMPARISON BETWEEN THE 
ENERGY LIBERATED AND THE WORK PERFORMED 
BY THE ISOLATED SARTORIUS MUSCLE OF THE 
FROG. By WALLACE 0. FENN, 

(From the Laboratories of Physiology in the Victoria University of Man- 
chester and the Institute of Physiology, University College, London.) 

This work is tlie result of a suggestion by Prof. A. V. Hill that the heat 
production of muscles allowed to sliorten and do work should be re- 
investigated by means of the improved myothermal methods which ho 
and Hartreo(i) have developed and have applied with such success 
to muscles in isometric contraction. As shoirn by their work on the 
difficult problem of the thermo-clastic cfIccttS), this technique makes it 
possible to allow muscles to shorten without errors due to slipping over 
the junctions proiddod strict precautions be taken to insure uniformity 
of temperature. The primary object of the e.vperimcnts was to measure 
the maximum efficiency attainable with a frog’s muscle under ideal 
conditions of load, etc. This has been done and the result shows an 
astonishingly _low efficiency. The experiments, moreover, have led to 
important modifications of some of the fundamental and accepted 
principles of muscle physiology. In particular it can now be shoum that 
there is a fairly good quantitative relation between the heat production 
of muscles and the work which they perform, and that a muscle which 
does work liberates, ipso facto, an c.xtra supply of energy which does not 
appear in an isometric contraction. Haidng reached this rather novel 
point of view, it was a surprise to find that in its essentials it was not new 
but was urged by A. Fick 30 years ago, without, however, a satisfactory 
experimental basis. For this reason the history of the subject is of 
interest. 

Heidenhain(3) first showed that if increasing weights were hung on 
a muscle (not after-loaded) then the heat production caused by the 
contraction of the muscle and the lifting of the weight increased with 
increase in the weight. Both Fick(I) and Heidenhain(3) added to this 
fact the observation that the heat also increased with the load ev'en if 
the muscle always contracted from the same initial position. This was 
accomplished either by after-loading the muscle or by the use of Fick s 



176 


W. 0. FENN. 


inertia lever. Fick, in consideration of the increase in heat which he 
obtained with increase in work, endeavoured to find out whether the 
mechanical potential energy set up during an isometric contraction 
could be used for mechanical work, or whether, when the muscle shortened 
and did work there was an extra equivalent amount of chemical energj’ 
liberated in the muscle. A complete answer to this question has not 
yet been found. It had been shown by Heidenhain{3) that a muscle 
gave off more heat in an isometric twitch than in a freely shortening 
twitch under varying loads, but this might mean merely that the process 
of shortening had prevented the development of the potential energy. 
Consequently Fick (5) arranged to hold the muscle in the isometric 
position imtil the maximum tension had been developed and then to 
release it to shorten “ mit Wurf.” Under these circumstances he found 
more heat in the muscle when allowed to shorten than when shortening 
was prevented altogether. He concluded that in muscle mechanical 
potential energy is not produced beforehand by chemical processes, being 
then available for doing mechanical work, but that in all probability 
the chemical process accompanying the mechanical effect occurs at the 
time when the mechanical effect is produced. This conclusion of Fick’s 
might have been accepted, but Schenck(6) did not have much success 
in confirming his experiments except under special conditions. Greif e{7) 
agreed with Heidenhain(3), Fick(8) and Schenck(6) that an isometric 
contraction gave in general more heat than an isotonic, hut both Fick 
and Heidenhain found certain cases in which an isotonic contraction 
vmder a heavy load gave slightly more heat than an isometric con- 
traction (9, 10). B lix(U), however, insisted that the isometric contraction 
always gave more heat than the isotonic, the reason being that the 
average length of the muscle -was greater when the muscle was held fast 
than when shortening was permitted. In Fick’s final paper on the 
subject(i2) he arranged, with the use' of Blix’s myographion, first to let 
the muscle do work during stimulation and then to stretch it dunng 
stimulation. He found always less heat produced when work was done 
on the muscle than when the muscle did work. He concluded, therefore, 
“ that it is the actual process of doing positive mechanical work, i.e. of 
shortening imder tension, which is responsible, in muscle, for the chief 
expenditure of chemical energy.” This conclusion, it now appears, was 
entirely correct, but it is an extremely difficult one to prove conclusively 
on'a gastrocnemius or any similar muscle (cf. p. 196). Frank(i3), xn a 
review of the subject, therefore accepted Blix’s hypothesis that varia- 
tions in heat were due merely to variations in the length of the muscle. 
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Later A. V. Hill(i4,i5), by improvements in the technique, made it appear 
that the earlier experiments were not very reliable and apparently 
settled the" question once for all in favour of Blix by finding that the 
gastrocnemius and semimembranosus muscles gave off less heat in an 
isotonic contraction (without load) than in an isometric one, and that 
they gave off no more heat when shortening “mit Wurf” at the point 
of maximum tension (Fiok’s experiment) than when shortening was 
prevented altogether. Thus the view came to be accepted that on stimu- 
lation a muscle developed a given amount of heat and a given amount of 
elastic potential energy, both varying with the length of the fibres of 
the muscle. The amount of clastic potential energy which could be 
recovered as work depended merely upon the art of the e.xp6rimenter 
in arranging Ids levers and had no relation to the total energy liberated. 
Tension was therefore regarded ns the sole product of a muscular con- 
traction. 

Method. The method employed was that of Hartree and A. V. 
Hill(i). It will suffice here to indicate only certain modifications of their 
procedure. Most of the experiments wore done with the large Paschon 
galvanometer supplied by the Cambridge and Paul Instrument Company, 
and purchased for the purpose by the generosity of the Eockefeller In- 
stitute for Medical Research, New York City, to whom grateful acknow- 
ledgment is made. For some of this work a combined thermopile and 
muscle chamber like that described by Hartree and Hill was used, but 
for the most part a somewhat simpler piece of apparatus of different 
design was employed. It is shown in Fig. 1. Its chief advantage is that, 
apart from the thermopile itself, it can be made very simply out of a 
rubber stopper, a test tube and some glass tubing. There is also less 
danger of leaks than with the ebonite box type and, due tp the relative 
thinness of the glass walls, temperature equilibrium is attained more 
rapidly. The thermopile proper was made by electroplating silver upon 
constantan according to the method of W. H. Wilson(iG) and was well 
insulated with shellac. The method of Hartree and Hill for calibrating 
the muscle had to be modified somewhat to suit a different set of apparatus. 
It consisted essentially in running an alternating current of known 
strength through the muscle for a known length of time. Current from 
the same source was used for stimulating the muscle where short 
tetani were wanted. The strength of the current was adjusted by 
means of a transformer and potentiometer and was measured by 
means of a special type of milliammeter in series with the muscle. The 
milliarameter consisted of a heating coil of very fine insulated constantan 

12—2 
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we (670 ohms) wound around the “hob” junctions of the thermopile 
which was used by Hill in his investigations on the heat associated with 

Fig. 1. Thermopile and muscle chamber. Through the 
rubber stopper, JR, of a large test tube pass three 
glass tubes, G. Between these the thermopile (therm. ) 
is fastened by means of shellac and well insulated 
from the muscle by shellac. The leads from the 
thermopile to the galvanometer pass through two 
holes in one of the glass tubes. The lower stimu- 
lating electrode consists of a platinum bar, be- 
tween the two muscles. It is connected to the 
stimulating circuit by means of a copper wire leading 
up through the other glass tube. The upper stimu- 
lating electrode, Cj, consists of a piece of platinum 
wire, Pt, bent into an 8-shaped loop at one end, which 
is tied between the two muscles and soldered to a 
fine steel rod at the other end. This rod serves to 
make mechanical connection uith the lever and 
electrical connection with the electrode. E is an 
ebonite block by which the whole apparatus is 
secured upright in the water bath; mi is a platinum 
uiro guide for the muscle to insure good contact with 
the thermopile; t is a fine glass tube through which 
Ringer’s solution or oxygen can be introduced into 
the chamber; C is an ebonite clamp to hold the 
muscle ; it is secured to the glass rods by means of 
an ebonite bar at the base and a silver plated set 
screw. The whole apparatus is sunk well beneath 
the surface of the water bath which is stirred by a 
continuous current of air. The two glass tubes 
which conduct the wires to the surface .are filled 
with paraffin to prevent leakage through the holes 
blown for the wires or through the external open- 
ings. 

the traasmissioa of the nervous impuIse(iT). The leads of this thermopile 
could be connected tvith the galvanometer and the deflection produced 
by a given current in the heating coil determined. A previous calibration 
of this milliammeter tvith a direct current of known strength and duration 
enabled the deflection produced by an alternating current to be read in 
absolute units if the sensitivity of the galvanometer were also deter- 
mined. The resistance of the muscle was measured by substituting a 
knovTi resistance for the muscle in the alternating heating circuit and 
varying it until the same deflection was obtained on the galvanometer, 
i.e. until the same current flowed, as when the muscle was used. In 
practice a measurement of the current was made with any known 
resistance and the resistance of the muscle could then be accurately 
calculated in obvious ways. The weight of the muscle between the 
electrodes was taken after each experiment. 

\ Many of the phenomena described do not depend in any degree upon 
tbe accuracy of the calibration; they could be described equally well m 
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terms of the galvanometer deflection. In others, as will be seen, the 
accuracy of the result depends upon the determination of the heat m 
absolute units. Now the calibration procedure can be carried out 
nominally with any accuracy desired, but its significance always depends 
upon whether the artificial heating is exactly similar to the natural 
heati&g in distribution. It is e.xcecdingly difficult to say just where 
musculature ends and tendon begins and to place au electrode on this 
exact spot in such a way that onl3- the musculature will be heated by 
the current. It is equallj’ difficult to correct for nnj' error in the position 
of the electrode bj' measurements. Because of the difficulty of adjusting 
a ring electrode such as that used bj' Hartree and Hill for a muscle 
which must move frcel)' through it, I have substituted a platinum vane 
tied between the ends of the two muscles (Fig. 1). Part of this vane 
certainly extends bcj'ond the tendon to the musculature, but if it did 
not there would be an equal probability of error due to a warming of 
the tendon and to excessive production of heat in a poor contact between 
electrode and muscle. The accuracy of the calibration is also dependent 
upon the uniformity in the cross section of the muscle (which makes a 
gastrocnemius difficult to use) because the heat per unit length of muscle 
varies inversel}' as the cross section in an electrical calibration but 
directly as the cross section in a natural contraction. Attempts to control 
this error by measurements of the electrical resistance of different known 
lengths of the sartorius muscle have given rather variable results owing 
to the difficulties involved in measuring the short lengths accurately, 
but when averaged together they tend to show that the muscle is uniform 
in cross section, becoming correspondingly thinner where it becomes 
wider. This error must certainlj' be negligible in Hartree and Hill’s 
experiments where both ends of the muscle can be neglected (see belmv). 
Another calibration error lies in the possibility of a shrinking or swelling 
of the muscle after killing with chloroform with a consequent change in 
its heat capacity and its position on the thermopile. Simple observation 
makes it appear probable that this error is usually negligible although the 
muscle occasionally shortens markedly under the influence of chloroform 
if not restrained. 

The calibration is more difficult in these experiments where the total 
absolute amount of heat in the whole muscle must be known (in order 
to be compared with the total work done) than it is in Hartree and 
Hill’s experiments w'hete the force and heat developed in the same length 
of muscle are observed and where consequently any part of the muscle 
which projects beyond the electrodes at cither end may be disregarded. 
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provided that the nafcwal heat produced there is far enough away from 
the thermo'j unctions to be unable of itself to affect the readings. The 
total error in the calibration in my experiments from all these causes 
cannot he accurately stated in figures, but it is believed that it could not 
by any possibility exceed 10 p.c. even in the small muscles; this is not 
serious for the purposes at hand. One specimen of Bana esc. was used. 
All the others were R. tenvp. or toads. 


1. Increase in total energy liberated with increase in worh performed. 

The first experiments performed were a repetition of some made by 
Heidenhain and Fick. Any ordinary isotonic lever is used forrecordiug 
the height of the contractions. A 25 or 50 gm. weight is hung on the 
lever so that the tension on the muscle is 5 to 10 gm. and its length only 
slightly exceeds its resting value. Any increase in the weight on the lever 
is supported by an after-loading screw. Short maximal tetani or maximal 
break shocks were used throughout for stimulating. In the contraction, 
energy which appears as mechanical work is stored temporarily in the 
lifted weight and reappears in the muscle as heat when the muscle relaxes 
and lowers the weight. The energy lost when the lever hits the after- 
loading screw has been calculated from the velocity of the weight at this 
moment, as measured from records of the contraction on a moving drum, 
and has been found to be negligible. Thus the galvanometer deflection ' 
represents the total energy mobilised as a result of the contraction. By 
means of the calibration this can be calculated in absolute units (ergs). 

The protocol of a typical experiment is given in Table I in order to 


Table I. Increase of heat with increase of work; typical exp. 


Weight 
on lever 

Galvanometer 

deflection 

Height of 
contraction 
on dram 

Av. work 

Av. heat 

gm. 

mm. 

cm. 

Ergs X 10* 

Ergs X 10* 

50 

312 

295 

6-1 

6-1 

1-26 

9-3 

300 

364 

322 

4-7 

4-4 

1-88 

10-5 

200 

412 

338 

2-5 

2-1 

1-90 

11-5 

300 

276 

288 

0-6 

0-6 

0-62 

8-6 

CO 

238 

t 

0 


0 

7-3 


Efficiency 

13-5 

17-9 

J6-5 

7-2 

0 


Erog. Maximal alternating stimolns for 1/6 secs. At room temperature, riz. fS C. 
Shortening =beight on drum x O-ISS. Work (ergs) = 981 x wt. on lever x height on arum x 
0-0413 (lever factor). Heat (ergs) =min. deflection x 306-2 (eygs per mm. from calibration). 
Two readings taken at each weight, first in ascending, then in descending order 
as indicated by the arrows. Heat and work are expressed in units of 10,000 ergs. U eignt 
in excess of 60 gm. were after-loaded. Maxima in heavy type. 


make the procedure clear. The results of another experiment are plotted 
in y^g. 2. The important points to be noted are, (1) that less heat is 
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liberated in theisomefcric contraction than in any of those where shortening 
is allowed, (2) that the increase in heat (above the isometric heat) is 
roughly parallel to the work done, and (3) that the process in the muscle 



Fig. 2. Variations of xrorb and heat (ordinates) in units of 100 ergs in isotonic contractions 
against increasing loads (abscissjc). The heat curve represents only the heat »n exceJi of 
the isometric which was 193 x 10* ergs. Thus the isometric heat is made to coincide arbi- 
trarily with the line of zero work. Tho muscle arm pf the lever is 4*7 times the weight 
arm. Weight in excess of 25 gm. after-loaded. Muscle stimulated with maximal 
break shocks. Maximum efficiency of the initial process, 38*7— (103 -t- 61) = 16*2 %. 

which causes this extra liberation of energy takes-place after the stimulus 
js over (break shocks) and hence after the number of fibres brought into 
activity is presumably completely determined. This experiment supports 
the contention of Fick that work as well as tension is a product of the 
muscular reaction and it is much clearer evidence than can be obtained 
'vith the gastrocnemius muscle where the heat increases with increasing 
load but does not decrease again to the isometric. 

Further data are given in Tables II and III. In some experiments 
the muscle was stimulated with a short tetanus; in others with a maximal 
break shock. The result is always the same, although the range of 
weights used may nob always he sufficient to represent both sides of 
the maximum. In all, some 60 experiments of this type have been 
recorded. Typical variations of the heat with variations of work have 
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always been found, except in a few eases when tbe muscle showed obw'ous 
signs of fatigue. 


Table II. Increase of heat with increase of work. 


(SumTnary of four exps. similar to that in Table I.) 


Weight 
on lever 

Frog. 

6-7° C. 

A 

Frog. 7-5° C. 

A 

Toad. 

. A. 

8*0. 

Prog. S-S’C. 

A . . . 

/ ' ' 


^ M'S. 

r 


< > 

gm. 

Work 

Seat 

Work Heat 

Work 

Heat 

Work Heat 

50 

1-30 

10-1 

1-46 14-9 

0-26 

i-45 

0-58 5-03 

100 

201 

131 

2-02 17-1 

0-24 

1-37 

0-74 5-64 

200 

1-56 

14-4 

3-26 16-4 

002 

1-14 

0-42 5-60 

300 

0-18 

g-6 

1-79 14-5 



— 

0-12 4-82 

os 

0 

9-3 

0 11-.5 

0 

M4 

0 4-57 


0-S sec. 

0-5 sec. 

0-2 sec. 

Break shocks 


All esps. at room temperature, with a pair of sartorius muscles. Tension on masole 
during contraction J that of weight. Initial tension of muscle therefore 50/4 or 12'S gia. 
Maxima in heavy type. Work and heat e.xprcssed in units of 10,000 ergs. Isotonic lem, 
after-loaded. 

Table in. Increase of heat with increase of work. 

(Summary of three esps. similar to that in Table L) 



Toad. 

8*C. 

Prog. 

0*0. 

Frog. 8-5*0. 

25 

4-3 

24-1 

3-5 

23-4 

31 

43-8 

50 

6-1 

20-7 

3-9 

25-4 

4-1 

38-5 

75 

4-3 

18-3 

3-2 

24-9 

3-9 

37-4 

100 

2-4 

14-4 

1-8 

23-2 

3-0 

350 

150 

0-2 

13-1 

0 

19-3 

0 

29-6 

00 

0 

13-8 

— 

- 

— 


0-2 sec. 

Break shocks 

Break shocks 


Work and heat are averages of 2, 4 and 8 series respectively in alternating direotwas. 
Tension on muscle ^ of weights given. Initial tension 6-25 gm. Masiraa in heavy type. 
Units of 1000 ergs. Isotonic lever, after-loaded. 


Table IV. Increase of heat with increase of work: constant shortening. 
(Summary of sis esps. similar to Fig. 3.) 



Exp. 1 

Exp. 

2 

E.vp. 3 

Exp 

.4 

25 



. 

■ 

1-49 

70-2 

1-51 

50-4 

50 

4-0 

153 

4-3 

97 

3-03 

72-6 

3-08 

65-0 

75 

5-7 

138 

6-2 

no 

4-57 

75-6 

4-65 

58*4 

100 

7-4 

183 

80 

130 

6-11 

78-8 

3-99 

66'8 

125 

9-0 

167 

9-9 

138 

7-64 

80-3 

— 


150 

10-7 

170 

10-3 

143 

8-19 

79-4 

— 


175 

12-4 

171 

10-5 

138 

7-47 

76-1 

— 


200 

9-8 

165 

5-6 

117 



— 

— 


Isom. 

1 0 

133 

0 

84 

0 

57-0 

0 

42*5 

Isom. 

s 0 

— 

0 

80 

0 

— 

0 

35-2 


0-6sec.,8-^ 

l*C„2-66 

0-4 sec., 0* 

0 .. 

3-0 0-2 sec., 8-2*0., 2-5 

0-2 sec., 0° 

i 

‘ a, 2-6 


mm. shortening-, mm. shortening; ram. shortening; mm- 
muscle 0-19 gm. muscle 0-25 gm. muscle 0-28 gm. muscle 0-18 g®. 

Prog. Tension on muscle during shortening J- that of weight gh-en. The j'?.! 

in the long and the short positions is given where possible. Initial tension is represente j 
the smallest weight in each series. Each figure is the average of two senes of 
descending weights respectively. When the work ceases to increase in ^ 

increase in weight, the shortening is incomplete. Maxima in heavy type. Urats otiu s ■ 

Blix(ii) would explain the increase in beat with increase in load as 
duo ho an increased average length of fibre during the contraction. T ts 
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might have explained the initial rise but cannot account {oi the sub- 
sequent fall of the curve toward the isometric level; on the other hand 
the change in the heat is always proportional in a general way to the 
work. The work is equal to the product of the tension, T, under which 
the muscle shortens and the absolute amount of shortening, s As the 
load increases from 0 to infinity, jT.s must pass through a ma.ximum, 
since at zero weight T = 0 and at infinite weight (isometric) s = 0 With 
small loads the muscle shortens so much and so rapidly that maximum 
tension cannot be developed. With large loads the maximum tension 
IS developed but the amount of shortening of w Inch the muscle is capable 
before relaxation begins is very small. 

2. Increase in the total energy liberated when increasing loads 
are lifted to a constant height. 

In these experiments it is arranged that the muscle should shorten 
under different loads only between two fixed positions, the “long’ 
position and the “short” position, the amount of shortening allowed 
being only 2 or 3 mm. A diagram of the apparatus designed for this 
purpose will bo published later. In contraction the muscle lifts the weight 
from the long position to the short, and in relaxation the weight stretches 
the muscle again to the long position. 

The purpose of this modification of the experiments described in the 
preceding section is to make possible a more accuiato analysis of the 
factors of length, tension, shortening, etc , which together determine 
the amount of energy liberated in a muscle as a result of a given stimulus 
The advantages of the procedure arc as follows 

1. The amount of shortening remains constant over a considerable 
range of weights: hence variations in energy liberated must be due to 
variations in length of fibre, tension of the muscle during shortening, 
or speed of shortening. 

2. Over this same range the maximum possible change of heat due 
to mere change in the length of the fibres can be determined by measuring 
the heat produced in an isometric contraction at each of these positions 
Thus, if the increase in heat due to an increase of load is much greater 
than the difference in the isometric heat at the long and short positions, 
then it IS certain that the mere length of fibre is not the dominant factor 

3. The change in shape of the muscle is also constant (until the weight 
becomes too heavy to hft to the required height) so that the irreversible 
“viscous” loss (cf. Hartree and HilltZ)) becomes proportional to the 
various speeds of shortening and lengthening, and hence its absolute 
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value for each weight can be estimated roughly by permitting the muscle 
to shorten from the long to the short position without being stimulated, 
then pulhng it back immediately to the long position with a weight which 
is just adequate for the purpose, and measuring the resulting galvano- 
meter deflection. Incidentally this procedure controls any large errors 
which might arise due to difierences of temperature along the muscle. 
Usually one obtains a deflection of about 5 mm. which is perhaps 2 p.c. 
of the deflection obtained when the muscle contracts. This is so small that 
it has been neglected in recording the results, but if allowed for it would 
merely increase the amount of external work performed. This irreversible 
loss may of course be greater in a stimulated muscle than in a resting 
one, but no method has suggested itself of determining this point. "When 
measured in this way on an rmstimulated muscle the speed of shortening 
is somewhat less than in a contraction under the smallest weights, but 
the speed of lengthening is greater than in a stimulated muscle. A 
correction for the speed of the change of shape therefore would not 
significantly alter the above estimate that the irreversible “viscous” 
loss amounts to less than 5 p.c. of the total energy liberated. 

4. This procedure also certifies that if the weight lifted is so small 
that the muscle cannot develop its maximum tension during the short- 
ening, that tension can still be developed when the contraction becomes 
isometric at its shorter length. 

6. When the muscle is in situ in the body of the frog it also contracts 
between fixed limits which are in a rough way comparable to those used 
experimentally. 

In measuring the isometric heat in the “long” and “short” positions 
the muscle must also be calibrated in both positions. The calibration 
constants so obtained show that on the average UOS times as much heat 
must be liberated in the long position as in the short position in order 
to produce the same galvanometer deflection. This is because a stretched 
muscle is thinner on the thermopile. The “long” calibration is of course 
used for all readings where work is done, because the muscle is in that 
position throughout the duration of the galvanometer deflection (4 secs.) 
except for the first second or less. 

The results of a typical experiment with limited shortening are 
plotted in Fig. 3. In general the curves may be regarded as comparable 
to those in Fig. 2 except that the ascending limb of both the heat and 
the work curves has been “sliced” ofi by the arbitrary limitation o 
t^q amount of shortening permitted. In Fig. 3, however, the base line 
of ^e work curve (work — 0) is plotted so as to coincide with the point 
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on the axis of ordinates representing the heat produced by shortening 
under zero load. In Fig. 2, on the other hand, the level of zero work 



Fig 8 Exp similar to that in Fig 2 except that the amount of shortening was limited to 
2 Co mm The heat curve has been extrapolated to the ordinate of zero load and tho 
base Ime of the ■work curve is made to coincide arbitronly with tJus point The work 
carve falls off at the point where the load becomes too hcavj’ to be lifted the full 
distance Weights in excess of 60 gm after loaded Muscle arm on lever four times 
weight arm Weight of muscle between electrodes 0 10 gm Temp k: 8 4® C Results 
of four other similar experiments given ui Table IV. 


coincides witli the level of isometric heat. This change is made in Fig. 3 
in order that the ratio between the slopes of the heat and the work curves 
can be seen at a glance. In this experiment the ratio is 2*7. In 32 similar 
curves which have been obtained the average of this ratio was 2*3, i.e. 
the increase of energy liberated was 2*3 times as great as the 
increase in work In this average, two or three experiments have been 
neglected where the ratio was practically zero, due very evidently to 
the extreme fatigue of the muscle as shown by a very low and rapidly 
falling heat output and work output. Data from four normal experi- 
ments are summarised in Table IV (supra) In an experiment like that 
in Fig 3 it is impossible to start with zero weight because the muscle 
must be made to return to its original length promptly. The curves have 
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been prolonged, bow'ev'er (dotted), to tbe vertical axis. Even at this 
extrapolated point there is usually more energy liberated than in an 
isometric contraction at either the long or the short position, hut the 
difference is not large. As the weight lifted is increased the work must 
increase in direct proportion, i.e. as a straight line, as long as the height 
to which the weight is lifted remains constant. When the weight becomes 
too heavy for the muscle to lift the required height the work curv^e falls 
off and finally decreases to 0 when the contraction becomes isometric. 
Usually, as in Fig. 3, the heat also increases approximately as a straight 
line until the maximum is reached and then decreases rapidly to the 
isometric level. Frequently the heat curve maximum occurs at a slightly 
lower weight than the work curve maximum. Examples of this may be 
found in Tables II, III and IV. This is probably to be explained by minor 
complications due to length of fibre and “viscous’’ lo.ss. The mechanical 
efficiency (work divided by total energy liberated) disregarding the 
recovery heat production, is seldom oveT 10 p.c. in these experiments 
on account of the arbitrary limitation of the amount of shortening. The 
efficiency can readily be calculated from Table IV. 

It was found by Evans and that the heat produced by the 

sartorius muscle in isometric contractions was greatest when the length 
of the muscle was approximately equal to its length in the frog. I have 
repeated their experiments with several muscles stimulated with break 
shocks and short tetani and can entirely confirm their conclusion. More- 
ov'^er, I have had occasion to measure the isometric heat production m 
14 experiments in the long and short positions, representing a change m 
length of 21- to 3 mm, or about 10 p.c. of the length of the muscle. In 
five of these the heat production was 5 p.c. more in the long position than 
in the short; in m'ne it was 11 p.c. less. The initial tension was always 
between G and 12 gm. which is not far from the tension of the muscle 
in the body when the leg is extended. Thus in four muscles I have found 
that an initial tension of 9, 12, 19 and 2-5 gm. stretched the muscle to 
102, 100, 106 and 110 p.c. respectively of their several normal extended 
lengths in the frog. Accurate measurements of muscle lengths are 
admittedly difficult to make, but it seems not xmfair to saj’' from these 
facts that in myiexperiments the muscles hav-e worked over a range of 
lengths which is approximately normal. Any deviation from the normal 
length of the muscle dimim'shes the heat liberated isometrically on a 
given stimulus. It is perhaps worth emphasising that the proportionality 
between isometric heat and muscle length, or the area of certain longitu- 
dinal^ urfaces, which is so often quoted as an argument in favour of the 
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surface tension theory of muscular contraction, is true only over a very 
limited range. 

Summary. 1. Wlien n muscle is made to lift increasing weights 
through a constant small distance, comparable to the normal amount of 
shortening in the frog, the increase in energy liberated tends to 
be on the average 'J-3 times the increase in work, t.c. it is pro- 
portional to the tension under which the shortening takes 
place. Complications due to fibre length and irreversible “viscous” loss 
can be largely ruled out. 

2 . When a muscle shortens 2 or 3 mm. under some tension 
the energy liberated is greater than the time average of the 
isometric heat for all the lengths through which the muscle 
passes in shortening. AVhen there is no weight on the muscle this is 
usually but not always true. 

3. Increase in total energy lihcraletl caused by increased degree 
of shortening under a constant had. 

It has been shown above that the heat production of muscles increases 
when increasing loads are lifted through the same distance. Evidence 
will now be presented that the converse is also true, i.c. that the heat 
production of muscles is increased when the same load is lifted through 
increasing distances. 

The amount of shortening was varied by adjusting the proper screw. 
Each series started with no shortening, i.e. isometric. The shortening 
was then inereased at random until the w'eight could be lifted no higher, 
after which the shortening was decreased again step by step to the 
isometric. The results obtained with 100, oO and 25 gin. on the lever 
using the same muscle are plotted in Fig. 4. The curves /fjooi ^so 
and show' the increase in heat above the isometric with the three 
different weights; the broken lines TKjoo, Ifiso and If '25 represent the 
corresponding increase in rvork. There is a tendency for the curves to 
reach a maximum, but it is obviously a fair appro.ximation to the truth 
to say that, with a given weight, the increase in heat is proportional 
to the shortening. Furthermore, the rate of increase of heat with 
increased shortening is roughly proportional to the tension under which 
the muscle shortens. As far as the muscle is concerned, the two factors 
w'hich determine the amount of work performed are the amount of 
shortening and the tension during shortening. This experiment, of itself, 
proves that it is neither one of these factors alone but rather their 
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averaged. One series starts with an infinite equivalent mass (isometric) 
and ends with the smallest equivalent mass, while the other series is 
similar but in reverse order. The results of such an experiment are shown 
in Fig. 5 where the work, and the extra heat liberated because of this 



Fig. 6. Energy liberated in excess of isometric, and the work performed when a mnaole 
is stimulated with maximal break shocks and made to shorten against an inertia lever. 
“Ec[uivalent mass” of lever increased by moving point of attachment of muscle 
farther away from fulcrum. “Equivalent masses” are represented as absoissse; 
logarithms have been used merely for convenience in plotting. At large equivaicat 
masses the work done on the isotonic lever is practically negligible, but at small 
equivalent masses it becomes a large fraction of the whole. Isometric heat 07,300 ergs. 
Boom temp. =8-5° C. Weight of muscle between electrodes 0-26 gm. Each point is 
the average of six determinations on the same muscle. 

work (heaS above isomeferic), both in units of 10,000 ergs, are plotted 
as ordinates over the logarithms of the equivalent masses as abscissa;. 
The nearer the point of attachment of the muscle to the fulcrum, the 
greater the equivalent mass, the less the shortening of the muscle, the 
slower the shortening, and the greater the tension on the muscle. lu 
this experiment, witlu’n the limits of error of the calibration, the extra 
heat liberated is equal to the work done. This is frequently, hut by no 
means always, the case. This particular experiment was selected for 
plotting because break shocks were used for stimulating, thus prowng 
thaV the excess heat due to the work done may be liberated after the 
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stimulus is over and hence cannot be due to on increased number of fibres 
brought into contraction. 

Averaging the results of 33 experiments like that recorded in Pig. 6 
it is found that the extra heat is 1-3 times os great as the work 
performed at the optimum equivalent mass. Averaging similarly 
36 experiments like that in Fig. 2 in which increasing weights on an 
isotonic lever were lifted by a muscle it was found that the extra heat 
liberated was 1'8 times ns great os the work done with the optimum 
weight. The difference between 1-8 on the isotonic lever and l-S on the 
inertia lever is significant and is due largely to the fact that in the 
experiment with the isotonic lever the muscle hod to let the weight down 
again in relaxation. It will be shown in another paper that there is an 
extra expenditure of energy involved in lowering a weight in relaxation 
which will account for the difference mentioned. A small part of the 
difference might be due to the fact that the maximum mechanical 
ofEeicncy of a contraction on the inertia lever is 20 p.c. greater than the 
maximum on the isotonic lever, i.e. there is more work done on the inertia 
lever for the same amount of heat. The maximum energy liberated on the 
isotonic lever tends to be greater, however, than on the inertia lever, 
showing definitely that some other factor such as that mentioned must 
be involved. 

In Table V the results of seven other experiments similar to that in 


Tasle V. Increaao of heat with increase of 


work on inortia lever. 


Bxp3. 1, 2 fmd 3 


Equiv. 



mass 


Excess 

(kiloa.) 

Work 

heat 

0-32 

'62 

111 

0-46 

64 

111 

072 

65 

108 

1-29 

66 

97 

1-85 

63 

86 

2-89 

59 

85 

515 

49 

59 

11'68 

28 

33 

46-34 

12 

16 

laotn. 33,400 ergs, 0 -S sec. 


Av. of 8 det^ on 3 moa. 
clea at 7* 0. 


(Summary of eoven exps.) 

Exps. 4 and 5 

* - — 

c » 

Equiv. 

mass Excess 


(kilos.) 

Work 

heat 

0-78 

68 

122 

M2 

60 

117 

1-76 

70 

114 

313 

60 

107 

4*48 

67 

100 

7'0l 

64 

88 

12-40 

53 

64 

2800 

40 

41 

112-2 

18 

12 


Isom. 28,800 erga, 0*4 and 
0’5 sec. Av. of C dets. on 
2 muscles at 0^ C. 


Bxpa. C and 7 
^uiv. 

mass Excess 


(kilos.) 

Work 

heat 

0-36 

217 

276 

0-80 

264 

420 

1-43 

288 

493 

3-10 

806 

608 

5-67 

281 

460 

12-76 

236 

352 


Isom. 103,600 ergs, 0*6 
sec. Av. of 4 deta. on 3 
muscles at 7® C, 


Excess heat is total heat minus isometrio heat. Work and heat in units of 100 ergs. All 
at room temperature unless at 0® Or Similar experiments only have been averaged together. 


Fig. 5 are summarised. Similar experiments have been averaged 
together. In all but the last two the heat is at a maximum at the smallest 
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equivaleafc mass used, where the work is sUgbtty helow fete maximum. 
The same thing can be observed in experiments on the isotonic lever as 
shown in Tables II, III and IV, where the maximum heat production 
frequently occurs with a shghfcly smaller load than, the maximum work. 
In Exps. 6 and 7 in Table V the muscles used were stronger than in the 
other experiments. Their average maximum work is nearly five times as 
large and the optimum equivalent mass is also larger. 

In one experiment 'vrith. the inertia lever at 6-7“ 0. 1 have been able to show that aa 
increase in the duration of the stimulus from 0-05 to 0-7 sec. increased the optimum eqm- 
valent mass from 40 or 80 to 5670 gnsu, although the maximum eSicienoy was jast 20 p.e. 
in both cases. In another similar experiment at 0® C., an increase in the duration ol the 
atimulns from 0-05 to 0-5 sec. increased the optimum equivalent mass from 1400 to 
3150 gm. and increased the maximum efficiency slightly from 14 p.c. to 16-6 p.c. Tfaft 
experiments were conducted by using first one duration of stimulus and then the other 
in alternation in order to eliminate changes due to fatigue. ' ' 

The interpretation of the curves in Eig. 5 is as follows. The work 
performed by a muscle in any contraction is equal to the product of the 
average tension of the muscle by the amount of shortening. As the 
equivalent mass is decreased the amount of shortening increases and 
becomes so rapid that the tension of the muscle decreases and approaches 
xero. Conversely 38 the equivalent mass is increased the tension increases, 
but the amount of shortening which can be accomplished before the 
stimulus is over and relaxation begins decreases and approaches zero 
(isometric). Hence the product of shortening and tension, i.e. work, must 
pass through a maximum at a certain optimum equivalent mass, for this 
product is necessarily equal to zero at iafmitely large or infinitely small 
equivalent masses. If the stimulus were continued until a given amount 
of shortening were accomplished, as in Hill’s experiments with human 
arm muscles pulling against an inertia device (22), there would be no 
optimum equivalent mass but the work would continue to increase in- 
definitely with the mass. It will be important to find out to what extent 
the theoretical interpretation of Hill’s curves rvill require modification 
in the light of the knowledge that the shortening of a stimulated muscle 
is not comparable to the shortening of a stretched spring but is more like 
the behaviour of an electric motor. If the muscle were like a spring it 
would possess a given amount of potential energy which, if it did not 
appear as work, would necessarily appear as heat in some irreverst e 
“viscous” process involved in the change of shape. If, however, t e 
mushle were like an electric motor it would develop less energy whem 
the e^vsleut mass was small and it would be unnecessary to postu a « 
a largm frictional loss. It remains for future investigation, however, 
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to prove the applicability of these experimeata oa frogs to human 
muscles. 

Summary. 1. When a muscle shortens against an inertia lever it 
liberates more energy than in an isometric contraction. This excess energy 
liberated is on the average 1'3 times as great as the work performed. 

2. For a given duration of stimulus there is an optimum equivalent 
mass at which the maximum work is done with maximum cfEciency. The 
optimum equivalent mass is greater for a long stimulus than for a short one. 

6 . The mechanical efficiency of isolated sarlorius muscles. 

The direct measurement of the mechanical anaerobic efficiency of 
isolated muscles has been made by Meyerhof( 2 l), using a determination 
of the amount of lactic acid produced by the muscle as a measure of the 
total energy liberated. He arrived at an estimate of 45-00 p.c. after 
endeavouring to allow for the fatigue which was an inevitable part of 
his method due to the necessity of stimulating the muscles many times 
in order to develop enough lactic acid for an accurate measurement, 
Pick ((9), p. 221) found efficiencies of about 25 p.c. by the thermo-electric 
method, without however a satisfactory method of calibrating the muscle 
and so of translating the galvanometer deflection into absolute units. 

It had been supposed for two reasons that the efficiency might be 
as high as 75 p.c. if the energy used in oxidative recovery was disregarded, 
i.e. if the energy expenditure was calculated from the initial heat pro- 
duction as given by the galvanometer deflection. The reasons for this 
prediction were, firstly, that oxidative efficiencies have been recorded 
in man as high as 30 p.c. Assuming, with A. V. H i 1 1 (23), that the oxidative 
heat production is 1-6 times the initial heat production, the total heat 
would be 2-5 times the initial heat and the anaerobic efficiency would be 
2-5 X 30 p.c. or 70 p.c. The second reason originated from a- considera- 
tion of the theoretical maximum work of a frog’s muscle as measured by 
the area under the curve obtained by plotting the maximum isometric 
tension of the muscle for a given stimulus against the corresponding 
length of the muscle. This theoretical maximum work was found by 
A. V. Hill(i4) to be a large fraction of the initial heat production. If 
then the muscle could be so loaded that it could attain the maximum 
tension at every stage in its shortening, when stimulated, then the 
mechanical work done would be equal to that calculated from the length- 
tension diagram and the efficiency would be high. It was hoped that an 
approximation to an ideal condition of loading could be obtained with 
the inertia lever. 
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The actual results obtained did not verify the predictaons (see TableVI). 
Each figure there given is the maxinium efficiency obtained with one of 

Table VI. Meohanical efiBoienoy of isolated muscles working on isotonic and inertia levers. 

Frog. Isotonic: 28, 26, 25, 23, 21, 19, 19, 17, 16, 14, 13. Av. 20 %. 

Inertia: 32, 27, 27, 26, 25, 25, 23, 23, 23. 23, 22, 22, 21, 21, 20, 20, 16. Av. 23%. 
Toad, Isotonic: 25, 22, 19, 18. Av. 21 %. 

Inertia: 40,36,31,31,25,22, 17. Av. 29%, 

Each figture represents the highest value which could he obtained from one musole in 
a large number of trials. 


the pairs of muscles used. The measurements covered a period from 
August to May and the temperature varied from 0° to 15° C. The 
differences due to temperature were not larger than the differences due 
to varjdng conditions of the muscles so that no temperature effect can 
be observed. The muscles worked on both an isotonic and an inertia 
lever. The results are arranged in the order of magnitude so that the 
first figure represents the maximum. Muscles of toads appear to be 
somewhat more efficient than those of frogs. This may be correlated 
with the slower movements of the former, the frog being built for speed 
rather than efficiency. The efficiencies recorded on the inertia lever are 
somewhat higher than those on the isotonic lever. An average of the 
efficiencies obtained when the same muscle was used on both kinds of 
levers shows that the isotonic lever ^ves efficiencies only 79 p.c, as high 
as the inertia lever. 

On the whole the efficiency of an isolated sartoiius muscle of the frog 
may be taken to be between 25 and 30 p.c. This means an oxidaiivs 
efficiency only two-fifths as great, i.e. 10 to 12 p.c., which is only one- 
half or one- third as great as the oxidative efficiencies usually recorded 
on man. Possibly the frog is to be regarded as a very inefficient animal 
compared to man, being built for quick movements at low temperatures 
where man’s muscles would move more slowly and waste less energy 
in change of shape. Possibly also abnormalities caused by the removal 
of the muscle from the body may have something to do with the low 
efficiencies obtained. 

The reasons why the predictions of a high efficiency were not realised 


are twofold: 

1. As shown by A. V. Hill(24) and Meyerhof(2i) the theoretical 
maximum work cannot be attained in practice in a single contraction 
unless sufficient time is allowed at each length for the maximum tension 
to be developed. Even on the inertia lever Doi(20) found that this con- 
dition does not obtain. Hill states that the theoretical maximum wor 
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equals 1/6 Tl, T being the ma^dmum isometric tension and I the length 
of the muscle. Doi found that the maximum work performed was only 
1/25 or 1/20 rf. 

2. Hill’s predictions of a liigh elEcienoy were based upon the hitherto 


commonly accepted assumption that the energy liberated depends entirely 


upon the nature of the stimulus and the initial condition of the muscle. 


and is independent of the weight lifted. If this had been so the experi- 


ments would have justified his use of the graph in which isometric tension 


is plotted against length for predicting the behaviour of a muscle when 
allowed to shorten. Thus, if the eflicicncies recorded in Table VI be re- 


calculated, substituting the isometric heat for the total energy actually 
liberated at the point of maximum efficiency, much higher efficiencies are 
obtained. This can be done roughly on the assumption that the excess 


heat liberated is r-3 times the work performed on the inertia lever. Now 
the highest efficiency recorded in Table VI is 40 p.c.* for a toad. The 


total energy may be taken as lOO, the work as 40, and the excess heat 
above the isometric as 1-3 x 40 or 52. The isometric heat would then 


bo 100 — 52 or 48 and the efficiency, if heat had been independent of 
work, would have been 40/48 or 83 p.o. Similarly taking 32 p.o., the 
highest individual record for a frog, it can be calculated that the iso- 
metric heat would have been 100 — (1-3 x 32) or 68, and the efficiency 


would have been 32/58 or 55 p.c. 

But while these considerations justify the predictions on the evidence 
then available they raise another more fundamental question, for the 
existence of this excess energy liberation appears to be incompatible 
with the assumption that a stimulated muscle is a new elastic body 
possessing elastic potential energy. The shortening of a muscle appears 
to be an active process and not merely analogous to the release of a spring 
previously stretched. The energy used in the performance of work is 
developed at the time when the work is done and does not represent 
potential energy, already developed before shortening begins. Hence 
.estimates of the work which ^ muscle can do cannot logically be based 


upon evidence obtained from isometric contractions. 

Summary. The oxidative efficiency of an isolated frog’s sartorius 
muscle is only 10 to 12 p.o. 


^ This figure is to bo occeptod with some caution because it has never been repeated 
on another muscle. This animal, however, was the largest and moat healthy toad which I 
had an opportunity of using and it repeatedly gave efficiencies of this order of magnitude. 
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6, Comparison between gastrocnemius and sartorius muscles. 

All the earlier work on the heat production of muscles allowed to 
shorten and do work was done on the gastrocnemius or semiraemhranosus 
muscles or the preparation described by Fi ck( ( 9 ), p. 11), consisting of the 
inner side of the thigh joining the pelvis and the knee. All the differences 
between my results on the sartorius muscle and earlier ones can be 
reduced to the fact that the isometric heat has previously been found 
too high relative to the isotonic heat. It seems probable that this 
difference is an anatomical one and is due to the fact that an “iso- 
metric” contraction of a non-parallel-fibred muscle like the 
gastrocnemius is not isometric at all as far as the individual 
fibres are concerned. When such a muscle is stimulated with the two 
ends held fast there appears to be a change in shape which necessarily 
implies a shortening of some fibres with a consequent stretching of other 
fibres or of the tendon. The isometric contraction of the gastrocnemius 
muscle is, therefore, a contraction in which there is a slight shortening 
of the individual muscle fibres under maximal tension. Taking the thin 
parallel-fibred sartorius muscle as the best available example of a single 
muscle fibre and admitting my experiments on. this muscle as evidence 
of its behaviour, it becomes clear why the isometric contraction of the 
gastrocnemius should liberate relatively too much heat, for in the 
sartorius even a very slight shortening if carried out under maximal 
tension causes a considerable excess heat liberation. It can be calculated, 
for example, from the data in Table I that a shortem'ng of 0-8 nun., or 
about 3 p.c. {0-5 cm. on the drum), under a tension of 300 gm, (on the 
lever) increased the heat production 18 p.c. above the isometric. Similarly 
Hartree and Hill, in their experiments (unpublished) on the sartorius 
muscle, have found that a muscle tied “isometrically ” with a thread gives 
off notably more heat than one similarly stimulated but tied with an 
inextensible wire. The thread stretches enough to enable the muscle 
to do an appreciable amount of work and hence to liberate a corre- 
sponding extra amount of heat. For these reasons the anatomical 
structure of a muscle, the arrangement of its fibres, the elasticity of its 
tendon, etc., has much to do with the relative amounts of isotom'c and 
isometric heat. 

^'^here must be few, if any, muscular contractions in the living body 
whicK^n really be carried out isometrically; there is always some 
bulgin^qr twisting of the muscle which implies more or less shortening o 
the fibre^ It is probable that even in a sartorius muscle the contraction 
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is not really isometric unless the muscle is so stimulated that all the 
fibres are brought into activity simultaneously. Thus Bethe(25) has 
recently shown by a photographic method that in a muscle stimulated 
through its nerve a wave of contraction passes over the muscles in sueh 
a way that fibres remote from the origin of the wave are stretched before 
tbe wave reaches them by the contraction of fibres nearer the origin. 
In a muscle stimulated, as in my experiments, by an alternating current 
running from one end of the muscle to the other this initial stretching 
fails to occur. It will be interesting to confirm this view by measurements 
of the isometric heat of sartorius muscles stimulated in various ways 
with maximal stimuli of constant duration. 

Prof. Hill has suggested to me that these same considerations may 
explain the observations of Hartree and Hillpo) that the isometric heat 
frequently decreases though the maximum tension remains the same, 
when the strength of the stimulating current is increased above the 
maximal. With a current just maximal some fibres might be stimulated 
slightly sooner than others, perhaps due to a better supply of nerve 
fibres, and would thus hove an opportunity of shortening slightly in 
contraction. A still stronger stimulus might well prevent this shortening 
by bringing all the fibres into activity simultaneously. 

In order to make certain that my results do not differ from the older 
results merely because of some modification in the method, I have 
repeated some of my experiments using a pair of gastrocnemius muscles 
in place of the sartorius and I have had no difficulty in confirming the 
older work in tbe following essential points. 

1 . As the after-load is increased the heat production continues to 
increase until the maximum is reached at infinite load, I’.e. isometric. 
This I suggest is due to the fact that there is considerable shortening 
of the fibres even in an isometric contraction. In the few experiments 
which I have tried I have not been able to confirm the observation of 
Heidenhain and Fick( 20 ) that the heat passes sometimes through a 
slight maximum just before the isometric is reached, thus suggesting 
the type of curve which I have found invariably on the sartorius. If their 
observations are trusted, however, in spite of Blix’s emphatic denial of 
them, they may be taken as evidence that the increase of heat with 
increase of work is a factor in the gastrocnemius curves even though the 
factor of fibre length may also be important. 

2. With a single gastrocnemius muscle I have repeated and confirmed 
Hill’s experiment (14) in which the muscle was prevented from shortening 
for increasing times after stimulation with a consequent increase in the 
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iieat; production. In my experiment, as in ]?ick’8(5), there was eriidence 
of a maximum in the heat production just before the contraction became 
isometric {at point of maximum tension), Schenck(G) found this maxi- 
mum only under special conditions when neither the tension nor the 
shortening was too small This fits in perfectly with the idea that the 
isotonic heat is at a maximum imder conditions which make the work 
maximal also and it doubtless accounts for Hi 1 F s result with an unloaded 
muscle in which the isometric contraction gave -the maximum heat. 

Hi 1 1(H) has shown that the theoretical maximum work (the area of 
the tension-length diagram) of a sartorius muscle is 1/6 the product of 
the isometric tension T, at the greatest length, and the length of the 
muscle 1. In the gastrocnemius, Meyerhof(2ji) has found that the 
theoretical maximum work is only 1/M or I/I 7 of Tl. Hill suggests 
(unpublished) that this difference is also a matter of anatomy. T is the 
sum — or the resultant — of the tension of the indiridual fibres of the 
muscle; I the average length of one of them. If the length of the fibres 
of the gastrocnemius is only 6/14 or 6/17 that of the mnscle while the 
length of the sartorius fibres is equal to that of the whole muscle, the 
difference is completely resolved. 

It is already well known that the sartorius with its straight fibres 
is adapted for long quick movements under light loads, while the gastro- 
cnemius with its diagonal fibres is adapted for the development of high 
tension with very little shortening. It seems possible that the gastro- 
cnemius would be assisted in developing a high tension by the slight 
shortening of the fibres which ahvays takes place in its supposedly iso- 
metric contraction and the consequent liberation of an extra supply of 
energy. Thus Hill{i4} has observed that a S5 p.c. greater tension can be 
developed by a stimulated muscle at a given length if it has had to do 
work before reaching that length. The peculiar significance of this fact 
tor the gastrocnemius and similar muscles now becomes apparent. 

From this discussion it appears likely that the results which have 
een^escribed for muscle are equally applicable to other types 

dj at times by complications arising out of 
scause of the fact that the sartorius 
stimulated directly with a maximal stimulus 
non of- a single muscle fibre than a 
would claim for my experiments 
i .s’-l ...significance as a basis for an understanding of the 
^,iM’re of the contractile process. 

^^^T^fUcation to the heart. It is a familiar fact(2T,28) that the oxygen 
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consumption increases Av-ith increase in the work of the heart, whether it 
is the pressure or the output which is varied. Similarly, it can now be 
shown that the energy liberated by the frog’s skeletal muscle varies with 
the work, whether it is the load or the shortening which is increased. I have 
shown that this phenomenon in skeletal muscle cannot be explained by 
changes in the length of the muscle fibres and that the significant factors 
are rather the amount of shortening of the fibres and the tension under 
which this shortening takes place. It is possible, indeed probable, that 
these same two factors (the product of which is work) determine the 
energy liberated and hence the oxygen consumption of the heart. The 
advantage to the heart of a greater initial volume may thus be due not 
to a greater length of fibre per se but rather to more nearly optimal 
mechanical conditions of working caused by an increased tension of the 
fibres during shortening (for the same arterial pressure) and a decreased 
amount of shortening (for the same volume output). 

It is impossible at present to evaluate the true effect of fibre length 
on the energy liberated '‘isometrically” on account of the inevitable 
shortening which must occur, particularly in the heart. Even if fibre 
length had no effect on the energy liberated, an increase in the length of 
the whole muscle (in the gastrocnemius and heart at least) might be 
expected to cause the energy to pass through a maximum, as it is 
observed to do, for in stretching the muscle, the “isometric” shortening 
of the fibres approaches zero while the tension during that shortening 
approaches infinity. All the effect of fibre length on energy output cannot 
be explained in this way unless there is likewise an “isometric” shortening 
of fibres in the sartorius sufficient to explain the same phenomenon in 
that muscle. 

The all-or-none law. 

If a muscle^hre contracts at alt as a result of a stimulus, the tension 
developed, the work done, and the energy liberated by that contraction 
will be (I) independent of the strength of the stimulus, and (2) dependent 
only upon the initial physiological and mechanical conditions which 
obtain in the muscle. This I take to be the commonly accepted statement 
of the all-or-none law as applied to muscles. Hartree and Hill( 26 ) 
brought forward an apparent exception to item (I) when they observed 
that the heat production of a muscle is frequently slightly less with 
supermaximal stimuli than with maximal stimuli, showing that the 
contraction is not quite independent of the stimulus. This cannot now 
be regarded as necessarily an exception for a possible alternative ex- 
planation of the observation has been suggested above. 
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My experiments show, however, that item (2) in the above statement 
of the law is emphatically incorrect for the total energy can be varied 
markedly by changes in the tension and length of the muscle which occur 
d/fcr the stimulus is over. The energy of the contraction is dependent not 
only upon the initial conditions of the muscle but also upon the conditions 
which obtain during and for some time after the stimulus. 

It is to some extent a corollary of the all-or-none law that variations 
in the energy output of a whole muscle for a given dm-ation of con- 
traction are due to variations in the number of active fibres. It now 
appears, however, that there is another regulatory mechanism within 
each individual fibre which, within certain limits, is able to adapt the 
energy output to the work done. When we lift a weight, therefore, two 
regulatory mechanisms are in operation. One is dependent upon the 
nervous system and acts by stimulating more and more fibres according 
to need. It can therefore vary the total energy liberated by small ste^s 
over a wide range of values, each step representing the contribution of 
a single fibre. The other mechanism is independent of the nervous system 
and works merely by virtue of the fundamental nature of the muscle 
machine, whatever that may he. By its means the energy output of each 
individual fibre can be promptly and more or less precisely adjusted to 
its work. This second mechanism may be regarded as a sort of fine 
adjustment, instantaueously active but capable of producing only 
relatively small variations in energy output. 

S^lmmar^. 1. The all-or-none law, as applied to muscles, must be 
confined to the statement that the total energy liberated in a contraction 
of a single muscle fibre is independent of the strength of the stimulus. 

2. The energy expenditure of a single muscle fibre can be varied by 
changes in the mechanical conditions of the muscle which occur after 
the stimulus is over. 

The general nature of the contractile mechanism. 

It is hoped that in the preceding pages convincing evidence has 
been presented to show that the initial heat produced in a muscle by 
stimulation is not dependent merely upon the number of fibres stimu- 
lated, but also upon the amount of shortening and the tension under 
which the shortening takes place. In mathematical terms, and rather 
inaccurately, 

/? = in -f hTs. 

This means that H, the total energy liberated as a result of the 
r-,pr ^action, is equal to the sum of two products, the factors of the arst 
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being i, the heat produced by the isometric contraction of a single fibre 
and n the number of fibres stimulated and the factors of the second 
product being T, the tension of the muscle during the shortening, s the 
amount of shortening, and a constant, k, with a value usually between 
1 and 2. In a later paper reasons will be given for believing that when the 
complications due to the lowering of the weight in relaxation can be 
properly allowed for the value of k is very nearly 1, i.e. the excess heat 
produced is very nearly equal to the work done. 

The general nature of the muscular mechanism as elucidated by these 
experiments can be made clear by an analogy to an electric motor in 
which the energy used increases with the work done in an entirely auto- 
matic manner depending upon the intrinsic properties of the motor, 
AVhen the load on the motor is increased it slows down, the back e.m.f. 
which it develops is decreased and more current, passes through the coils. 
Conversely when the motor runs idle it develops a large back e.m.f. 
so that the current becomes very small. The necessity of providing a 
muscle with a mechanism of this general type makes new demands upon 
theories of muscular contraction which at present neither the surface 
tension nor the water absorption theories seem able to meet. 

Summary. 

1. The older work on the heat production of muscles allowed to 
shorten has been repeated and extended with the use of the sartorius 
muscle of the frog instead of the gastrocnemius. Quite difierent results 
have been obtained which are apparently due to differences in the 
anatomical structure of the two muscles. 

2. On account of the greater anatomical simplicity of the sartorius 
muscle it is regarded as a better example of a single muscle fibre and hence 
greater theoretical significance is claimed for the results obtained with it. 
Consequently important modifications of some of the fundamental and 
accepted principles of muscle physiology have become necessary. 

3. When a muscle lifts increasing weights to a constant height, the 
increase in heat obtained is roughly proportional to the tension imder 
which the muscle shortens {i.e. the weight). 

4. When a muscle lifts the same weight through increasing heights 
the increase in heat obtained is roughly proportional to the amount of 
shortening. 

5. Since the product of tension during shortening and the amount of 
shortening, is work, the increase in heat becomes roughly proportional 
to the work. 



THE REVERSION OF HEMOLYSIS. By E. BRINKMAN 
AND A. V. SZENT-GyORGYI. 

(From the Physiological Institute, Groningen.) 

By the term reversion of haamoiysis we understand the reappearance of 
apparently normal red corpuscles in haemolysed blood, so that normal 
blood which had been completely hsemolysed, is reversed for the greater 
part into normal blood once more. This process can easily be observed 
if one takes care to regulate the heemolytic influence in such a way, that 
the occurring lysia is only a hmmoglobinolysis and not a stromatolysis. 
In most of the haemolytic processes, including the biological ones, the 
effect of not too large concentrations of h£emol 3 rtics is the production 
of spherical corpuscles, followed by a rather sudden loss of the pigment. 
The hsemoglobin does not slowly diffuse out of the cell, but comes out 
rapidly. If the stroma is preserved in a more or less undamaged condition, . 
it is possible to bring the haemoglobin back to the stromata, so that all 
stromata are suddenly changed once more to apparently quite normal 
corpuscles. The “re-adsorption” of hsemoglobin takes place with the 
same velocity as the chromolysis. 

The phenomenon may be observed in the following way. 10 c.c. of 
defibrinated blood are thoroughly shaken with *02 c.c, of a pure higher 
fatty acid; we always used linolenic acid, because of the solubility of its 
Ca-soaps, The blood is then placed in the water bath at 37° and the 
electrical conductivity measured at short intervals. When the said 
concentration of linolenic acid is given, a steady increase of the resistance 
is always noted; when after 1-3 hours haemolysis has become complete, 
the resistance has increased considerably and remains as high for 1-2 days. 
But if some more linolenic acid is added, the resistance suddenly decreases 
to nearly the serum value, and in this blood no stromata are present and 
reversion is not possible. 

The following table gives the conductivity of the different sorts of 
hsemolysed blood, at 37°. 

\. 10 ‘ 

Normal pig’s blood ... ... ... • 63 

Normal pig’s serum ... ... ... 137 

The same blood hsemolysed with -02 c.c. o! lino- 
leoio acid in 2 bra. ... ... _ ... 39 

The same blood hasmolysed with -04 c.c. of lino- 

lenic acid ... ... ... ... 125 

The same blood laked by mechanical hsemolysts^ 138 

By the method of D. J. de W aatd. This Joum. 57. p. 195. 1923. 
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It is easily demonstrable, that in blood, laked by an appropriate 
concentration of linolenic acid, with a high electrical resistance, the 
stromata are all present, not very much swollen and not agglutinated. 
This may be seen by looking at the blood when it is still streaming under 
the coverslip, or in a drop of hsemolysed blood, mixed with a small 
amount of China ink. The presence of stromata may, of course, also be 
proved by fixation with methyl alcohol and staining with methyl violet. 

Fig. 1 is a microphotograph of hinmolysed pig’s blood which was 



Fig 1 Fig 2 Fig. 3 

somewhat diluted with serum; the contrast with the air bubble shows the 
hEemoglobin colour; the stromata are invisible. Fig. 2 is a microphoto- 
graph of the same blood, mixed with a trace of China ink; numerous 
stromata are to be seen as white spaces. 

If now a small amount of isotonic saline is added to this completely 
haemolysed blood, the fluid becomes clouded and bright red like normal 
blood. ]\IicroscopicaUy the corpuscles have reappeared with their greenish 
colour; no haemoglobin is to be seen between the cells although in the 
laked blood the yellow colour is observed quite distinctly between the 
ghosts. The reversion can directly be seen microscopically if a small drop 
of the laked blood on a shde is brought imder the covershp and a small 
amount of isotomc salt solution is run in from this side. ^Vhere the sahne 
streams into the laked blood, the corpuscles suddenly reappear. Fig. 3 
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as the reversion of heemolysis, especially that caused by hypotonia, had 
not formerly been noticed. Spiro is said by Eohonyi(3) to have described 
in 1897 the passing back of hsemoglobin and stromata on adding salt 
solution after hypotonia hsemolysis. Eohonyi more or less confirmed 
Spiro’s results, but stated that the “reversal” occurred only in cells 
which were incompletely hsemolysed, though they were swollen to 
invisibility. On adding salt these cells, he said, shrank and they and the 
hsemoglobin in them again became visible. The phenomenon was inde- 
pendently observed by Adair, Barcroft and Bock(4) in blood, laked 
by dialysis, but apparently they considered it to be due to the assumption 
and subsequent loss of water by the cells, and not to dissolved extra- 
cellular hsemoglobin rejoining the stroma. 

It may be mentioned that an entirely different form of “reversal” is 
described by Eohonyi. When he completely heemolysed the blood by 
water or saponin, he found that on adding a certain amount of a substance 
precipitating protein, the precipitate consisted entirely of cells, con- 
taining a brown h®moglobin derivate. We do not think that this experi- 
ment may be called a true reversion of the haemolytie process. 
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THE FREQUENCY OF DISCHARGE FROM THE SPINAL 
CORD IN THE FROG. By SYBIL COOPER, Yanoio Sludml 
of Girton College, Cambridge, and E. D. ADRIAN. 

(From ihc Physiological Laboratory, Cambridge.) 

During a voluntary or reflex movement the eontracting muscle gives 
rise to a rapidly oscillating action current. The larger oscillations some- 
times show a fairly definite rhythm of about 50 per sec., but if every 
oscillation is counted the frequency is usually nearer 120-150 per sec. 
and there is no true regularity in the series. Since the electromyogram 
was first studied by Piper and Buchanan the interpretation of these 
waves has been a source of controversy. According to one view each 
wave which appears in the muscle is due to a corresponding volley of 
impulses in the motor nerve fibres, so that the frequency of the electro- 
myogram is an exact reproduction of the frequency of discharge from 
the motor cells of the cord. According to the other, the frequency in 
the muscle is usually determined by the muscle alone and represents 
a vain attempt to follow a much more rapid succession of impulses, or 
even some continuous state of excitation, arising in the spinal centres. 

Without attempting a complete survey of previous work (which 
has been given by Porbes(i), Trendelenburg(2) and others) it may 
he said that the former view is strongly supported by the observations 
of the action currents in the phrenic nerve during respiration, first 
made by Dittler(3) and confirmed and extended by Gasser and 
Newoomer(4). Here the electrical oscillations in the nerve synchronise 
exactly with those in the muscle which it supplies, the frequency being 
about 90 per sec. It is also supported by the recent work of Bass and 
Trendelenburg which shows synchronous irregularities in the response 
taken from different regions in a large muscle. On the other hand the 
view that the frequency of nervous discharge is greater than the frequency 
of oscillations in the electromyogram gains considerable weight from 
the fact, shown by BuchananfS), Forbes and Rappleye(6), and 
Fahrenkamp{7), that the frequency of the electromyogram can be 
altered by changing the temperature of the muscle. Buchanan worked 
on the reflex contractions of strychninised frogs where the electric 
responses occur in a succession of short groups. She found that the 

14—2 
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frequency of the action currents in each group depended' only on the 
temperature of the muscle and not on that of the spinal cord and con- 
cluded that the electromyogram could not represent the frequency of 
discharge from the spmal cord. Forbes and Rappleye foimd that io 
human muscles the frequency of the voluntary electromyogram could 
be changed by heating or cooling the limb, and showed that this 
result might be explained on the supposition that the spinal centres 
discharge at a rate of 300-1000 per sec., a rate too rapid to be followed 
by the muscle. The same conclusion has been reached by Athanasiu(8) 
on evidence which will be discussed later. 

Our interest in these conflicting results arose from an attempt made 
by Adrian and 01msted(9) to determine the refractory period of the 
arc for the flexion reflex in the cat. Quantitative data of the rates of 
recovery of reflex paths seemed essential to the analysis of central 
conduction and we tried to obtain these by stimulating an afferent 
nerve with double or repeated shocks and observing the electric responses 
in the reflexly contracting muscle. It was found that the muscle would 
not respond more rapidly than 160-200 times per sec. when the afferent 
neiw-e was stimulated although it could be made to respond up to 
400 times per sec. by stimulating the motor nerve. We concluded that 
the limiting frequency of 160 per sec. was imposed by the central part 
of the arc, since the muscle and the peripheral nerves would all respond ' 
more rapidly. This conclusion is quite incompatible ■with the view that 
the spinal centres normally discharge at a rate too rapid for the muscle 
to follow. It is conceivable that the path for the flexion reflex differs 
radically from that of the other reflexes, or that the use of rhythmic 
electric stimuli imposes an abnormally slow rate of discharge, but 
neither explanation seemed very likely. As a Gist step, therefore, we 
have re-examined some of the evidence which favours the higher rate 
of discharge from the cord. 

The central fact is that in a reflex or a voluntary movement a change 
of temperature in the contracting muscle is found to alter the frequency 
of the electromyogram. We have repeated Forbes’ observations on 
\the electromyogram of human muscles in voluntary contraction before 
)ind after cooling the forearm 'with ice and we have found the change 
in^frequency which he describes, but it did not seem to us that this 
rest! t was conclusive e'vidence in favour of a very rapid rate of discharge 
from he central nervous system. Weizsackerpo) and Dusser de 
Baren e{ii) ha%m shown recently that the frequency of the electro- 
myogram depends on the integrity of the proprioceptor nerves from 
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the muscle. If these are interfered with, as by disease or by injecting 
novocaine into the muscle, the frequency of the osciUations is reduced! 
This result agrees with Hoffmann’s view' that the voluntary con- 
traction is made up partly of a series of tendon reflexes reinforced from 
higher centres, and it suggests that cooling the muscle may affect the 
frequency of the electromyogram because the sensory side of the arc 
fr impaired and not because the muscle cannot respond as rapidly as 
it did before. An increase in frequency on warming is not so readily 
explained, but here too the change in the state of the proprioceptors 
cannot be excluded. This objection does not apply to Buchanan’s 
experiments on frogs, for in some of these the proprioceptor arc was 
destroyed by cutting the dorsal roots. These experiments we deal with 
below. 

Method. AVe used spinal frogs, the brain being destroyed from 1 to 
24 hours before the records were made. AVhen the spinal cord was to 
be maintained at a constant temperature the body of the frog was 
surrounded by coils of lead tubing through which water could be cir- 
culated. AVhen the temperature of the cord was to be changed it was 
cooled by placing ice in a metal container over the lower vertebrie oi^ 
warmed by concentrating the rays of a “pointolite” lamp (600 c.p.) 
over the same area. The amount of heating could be readily controlled 
by an iris diaphragm in front of the condenser lens. An approximate 
idea of the temperature of the cord was given by a small thermometer 
thrust down the oesophagus into the stomach. As the heating or cooling 
was greatest on the surface of the back the change of temperature of 
the spinal cord would be greater than that in the stomach, but a com- 
parison of the actual temperature in the vertebral canal measured with 
a thermo-junction and the temperature given by a thermometer in the 
stomach showed a difference of not more than two degrees when a 
steady state had been reached. 

The temperature of the muscle was controlled by fixing the legs 
of the frog in two double walled metal troughs through which water 
could be circulated. The troughs were open at the top to admit the non- 
polarisable electrodes connecting the muscle to the galvanometer. The 
surface of the trough was insulated with shellac and the limb was kept 
]ust out of contact with it. AVith this arrangement the temperature of 
the muscle became very nearly constant when water at a given tempera- 
ture had been circulating for 20 minutes; it was measured by a thermo- 
meter with a small bulb pressed against the surface of the muscle: in 
control observations this was found to give a reading" identical with 
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that obtained from a thermo-juaction thrust into the substance of the 
muscle. 

The contractions whose action currents were to be recorded were 
produced either by pinching the fore-bmbs or the opposite hind limb 
or by electrical stimuli to an afferent nerve, usually the opposite sciatic 
or one of the dorsal roots of the same side. The stimuli were break 
induction shocks from a coreless coil delivered by a rotating contact 
breaker previously described (12). The muscles used were the gastro- 
cnemius or the hamstrings or adductors of the thigh. The gastrocnemius 
was isolated except at its origin and the electrodes (Lapicque type) were 
applied to the middle of the muscle and to the tendon. When the thigh 
muscles were used they were not isolated and the electrodes were merely 
fixed to the surface of the muscle. With such an arrangement the action 
currents might have been derived from more than one muscle, but it 
was found that the contraction of muscles other than that xmder the 
electrodes produced little or no effect on the record. The action currents 
were recorded with the string galvanometer on cinematograph film 
moving at a speed of about 16 cm. per sec. The usual tests were made to 
detect the presence of artefacts in the record due to the spread of the 
stimulating current. 

We had two main difficulties to contend with. The first was that the 
state of reflex excitability did not remain constant during the lengthy 
periods needed to pass from one temperature to another. This applies 
more especially to the reflexes produced by stimulating an afferent 
nerve, but the variation was serious only during the breeding season. 
The other difficulty arose in counting the oscillations in the electro- 
myogram. These vary greatly in size and it is often difficult to decide 
whether a large wave does not mask one or more smaller ones near it. 
In stating our results we have given {a) the total number of oscillations 
per sec., coimting every rapid excursion of the string, however small, 
as a wave, and {h) the number of “large waves” per sec. Por the latter 
we have counted every wave which is more than half the size of the 
largest wave in the record. The choice of this standard is quite arbitrary 
but the significance of these figures will appear later. The interval 
between successive oscillations is extremely variable and in the frog 
we have never seen anything approaching the almost regular 50 per sec. 
rhythm which is soinetimes present in the human electromyogram. At 
\the same time the total number of waves counted in successive tenths 
of a second does not usually vary by more than 20 p.c. Fig. 1 shows 
a typical electromyogram of the adductors of the thigh in a spinal frog 
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at 15'5° C. stimulated by pinching the fore-limbs, and this gives a good 
idea of the degree of irregularity usually present. 

Effect of altering the temperature of nntscle. In this series of experiments 
the temperature of the spinal cord remained constant and that of the 
muscles was changed. In some, a single muscle was brought successively 
to different temperatures, in others one leg was cooled and the other 
was warmed and the notion current was led from them alternately. In 
the first experiments the muscles were examined at two temperatures, 
one above and the other below that of the cord and in these there rvas 
generally a decided difference in the frequencies of the electromyograms. 
As Buchanan had previously shown, this difference was present after 
the dorsal roots from the muscle had been cut. For example in a frog 
with the 8, 9 and 10 dorsal roots cut on both sides and the action 
currents led from the two gastrocncmii, one warmed to 22° "and the 
other cooled to 10°, the body being at 15°, the reflex contractions 
obtained by pinching the fore-limbs gave an electromyogram of 100-120 
oscillations per sec. for the warm muscle and 70-90 for the cold. The 
differences were evident but they were not very great and in some experi- 
ments it was by no means certain that they existed at all. A survey of 
therecords and a comparison with Buchanan’s results suggested that 
the difference in frequency was greatest when the muscle was cooled 
to a temperature much below that of the spinal cord. This had been 
anticipated on theoretical grounds. BeritoffOS) in his analysis of the 
frog’s electromyogram has pointed out that the limiting frequency of 
response in the reflex arc will be determined by that part of the arc 
in which the refractory period is longest; the muscle might become the 
slowest component of the arc if it were cooled although it was not so 
when the whole arc was at one temperature. He finds that in the 
summer frog the maximum frequency which the muscle can follow when 
the motor nerve is stimulated is about 200 per sec. The average frequency 
in the reflex electromyogram is 100 to 120 per sec. If this represents 
the rate of discharge from the spinal centres a change in the temperature 
of the muscle will not affect the frequency of the electromyogram unless 
the muscle is cooled down to a temperature at which it will no longer 
respond to 120 impulses per sec. As soon as this temperature is reached 
the frequency of the electromyogram will be determined by the ability 
of the muscle to respond, and not by the rate of discharge from the cord. 

If the change in frequency recorded in Buchanan’s and our experi- 
ments is to be explained in this way we ought to find (a) that warming 
the muscle above the temperature of the spinal cord should not alter 
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the frequency, and (6) that cooling it should not do so until the tempera- 
ture of the muscle is such that it would no longer be able to respond to 
impulses reachiug it with this frequency from the motor nerve. It would 
be difBcult to obtain direct evidence on the latter point as it would 
involve brmging the muscle to many different temperatures, but it 
can be shown that a small reduction of temperature is quite enough 
to make the muscle xmable to follow the discharge from the cord although 
the frequency of this is no greater than that of the normal electro- 
myogram. In Table I we have compared the frequency of the reflex, 
electromyogram in the gastrocnemius with the maximum frequency of 
response of which the muscle was capable when the motor nerve was 
stimulated. The data are taken from five frogs all at a uniform tempera- 
ture throughout. 

Table I. 



Temp. 

Frequency 
of reflex 
electromyogram 

Maximum frequency 
of response in 
muscle 

Exp. 

” 0 . 

. per sec. 

per sec. 

1 

10 

80- 90 

120 

2 

10 

80-100 

120 

3 

14 

100-120 

160 

4 

14 

120 

160 

6 

13-6 

100-130 

160 


Exps. made in November; reflex contraction produced by pinching; dorsal roots not 
out. Motor nerve afterwards stimulated in eitu to give column 4. 

It will be seen that the muscle is normally responding at a rate 
which is fairly close to its maximum capacity. How much this maximum 
rate is reduced by cooling may be seen from another experiment in 
which a gastrocnemius-sciatic preparation was maintained at variotis 
temperatures in a water- jacketed chamber and stimulated with rhythmic 
induction shocks. 

Hxp. 6. (Sept.) Gastrocnemius-sciatic preparation, stimulus to ’sciatic. 


Temp. 

Maximum frequency of 
electric response 
in muscle 

°C. 

per sec. 

7 

80 

13 

160 

20 

240 


The maximum frequency is more than doubled for a rise of 10° C., 
so that a fall of 5° should reduce the maximum frequency by at least 
5Q p.c, A reference to Table I shows that a reduction of this extent 
wduld be quite enough to make the muscle unable to respond as rapidly 
as iVdid in the reflex contraction before it was cooled. Thus we should 

\ 
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expect a change in the frequency of the electromyogram on cooling the 
muscle through 5°, even though the frequency at normal temperatures 
is determined by the cord alone. At the same time the experiments 
bring' no evidence against the alternative view that the frequency of 
discharge from the cord is too rapid for the muscle to follow even at 
normal temperatures. 

Much more decisive evidence is likely to be gained by warming the 
muscle instead of cooling it. If the discharge from the cord is normally 
too rapid for the muscle to follow, warming the muscle should increase 
the frequency of the clectromyogram and the increase should continue 
with rising temperature ns long as there is any difference between the 
frequency of discharge from the cord and the frequency of response in 
the muscle. To test this point we have made three complete experiments 
(Table II) in which the body of the frog was kept at a temperature of 
about 10° C. and the muscle was examined at temperatures ranging 
between 10° and 25° C. The leads were taken from the hamstring muscles 
and reflex struggling movements were produced by pinching the fore- 
limbs. 

Tabls n. Reflox contraction of hamstring muscles. 


Tempo raturo 


Reflex o?cctric roeponso 



Cord 

* - 

Frequency per sec. 


iluscle 

^ , 1 A.— 

Large waves only 

Exp. 

«C. 

®C. 

Counting al! waves 

7 

0 

13 

130, 120, 150, 150, 140 

80, 80, 60, 60. 80 




19 

no, 100, 120, 120, no 

40, 30, 40, 50 


11 

20 

140, 150, 140, 130, no 

00. 40, 60, 50, 40 


g 

11*6 

100, 120, no, 100, 120 

60, 60, 60, 60, 60 

8 

10 

11 

130, 120, 120, 120, no 

60, 60, 40, GO, 40 




22 

140, 130, 150, no, 130 

40, 60, 60, 40, 60 




12 

100, no, no, oo, oo 

40, 60, 40, 40, 50 


— 

18 

130, 120, 140, 140, 160 

60, 40, 40, 60, 40 

0 

9 

20 

130, 100, 120, 90, no 

30, 40, 30, 30, 30 




12 

no, 130,90,110, 80 

30, 20, 30, 40, 30 


11 

19 

140, no, 120. 130 

30, 40, 60, 30, 30 



25 

no, 140, 150, 120, 100 

40. 30, 60, 40, 60 


— 

11*6 

120, 130, 130, no, 130 - 

30, 60, 40, 50, 40 


Exps. made in May. Dorsal roots not cut. Oscillations counted in periods of one-tonth 
sec. taken at random from different parts of tbo record. 


Table II shows that on the whole the frequency of the reflex electro- 
myogram is slightly” increased by a ten degree rise of temperature when 
all the waves are counted, but the difference is rarely greater than 
20 p.c. and during a good deal of the records it cannot be detected at 
all. The average increase in frequency for a 10° rise works out at 7 p.c. 
There is no evidence of any change in frequency when only the large 
waves are counted. Typical records of these experiments are given in 
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the motor nerve At 7° C, the frequency is 80 per sec., at 10® it is 110 
and at 20° it is 170. Figs. 2 and 3 are not strictly comparable as regards 
the actual rates of discharge for the reflex experiment was made in 
April and the other in August, but they show that a rise of temperature, 
has a much greater effect when the responses are produced by stimu- 
lating the motor nerve at such a rate that the muscle is unable to 
respond to all the impulses reaching it. 

These experiments make it highly probable that the frequency of 
discharge from the spinal cord is not as a rule too great for the muscle 
to follow. The slight increase which appears in parts of the record when 
the muscle is warmed may show that the cord sometimes discharges 
at a greater frequency than the muscle can follow when it is at normal 
temperature, but this cannot be much more than 20 p.c. above the 
frequency of the normal electromyogram and such a rate is evidently 
not constant. 

The conclusion to be drawn from these experiments is 
that the maximum rate of discharge from the cord in the 
frog at room temperature is 120-160 per sec., and that 
the frequency of the oscillations in the electromyogram is 
usually identical with the frequency of discharge from the 
cord. 

Comparison of natural with artificial stimuli. Before going further 
we may enquire how far the maximum rate of discharge from the cord 
depends on the nature of the stimulus, whether a natural stimulus such 
as pinching the foot may lead to a greater frequency than is given by 
rhythmic stimulation of an afferent nerve trimk. In a number of experi- 
ments we have used rhythmic stimuli at various rates and our results 
agree closely with those published by Beritoff. In winter frogs at 
14° C. with stimuli up to about 50 per sec. the frequency of response 
in the muscle is usually greater than that of the stimulus, each stimulus 
corresponding to a group of 2 or 3 action current oscillations. With 
frequencies of stimulation between 50 and 120 per sec. the muscle 
response is regular and has the same frequency as the stimulus; with 
stimuli above 120 per sec. the response becomes irregular and the 
frequency remains about 120 per sec. An irregular response of this kind 
is quite indistinguishable from that produced by pinching. This may be 
seen from the records in Fig. 4 where {a) is the response to pinching, 
and (6) the response of the same muscle to 80 stimuli per sec. applied 
to an afferent nerve trunk. In this experiment the cord had been coole 
to 9° so that a frequency of 80 was enough to give an irregular response. 
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Evidently there is no essential difference in the response to natural and 
artificial stimuli as long as the frequency of the latter is great enough. 

In three experiments in ivhich the response became irregular with 
rates of stimulation above 120 per sec., the muscle was afterwards 
stimulated by its motor nerve and found to be capable of a regular 
response with a frequency of 160 per sec. Its failure to follow reflex 
stimulation above 120 per sec. is therefore an added argument for the 
view that this limit is imposed by the conducting paths in the cord and 
not by the muscle itself. 

Effect of altering the temperature of the spinal eord. So far the evidence 
is in favour of the view that the reflex electromyogram gives a fairly 
accurate rendering of the frequency of discharge from the spinal cord. 
There is however a very serious objection to this view. Buchanan 
showed that cooling the spinal cord in a frog did not alter the frequency 
of the “wavelets” of a strychnine convulsion although cooling the 
muscle did so. She pointed out the difficulty of reconciling this with 
the view stated above and so far as we arc aware the objection has 
never been met. A reduction in the temperature of the cord would be 
almost certain to increase the refractory period of the central conducting 
paths and to lower the maximum frequency of discharge from the cord. 
Such a reduction has been shown by GartenpS) in the discharge of 
the nerve cell which activates the electric organ of Malaptennrus. Here 
a fall ofT0° C. reduces the frequency of discharge from the cell to a third 
of its former value. Since there is no such change in the reflex (strychnine) 
response of the frog’s .muscle when the cord is cooled, the most likely 
explanation is to suppose that the frequency of discharge from the cord 
is too rapid to be followed by the muscle even though the cord is at a 
low temperature. This conclusion is in flat contradiction to the results 
given in the preceding section. We have repeated the experiment of 
warming and cooling the spinal cord and our results agree on the whole 
with Buchanan’s. The contractions were provoked by pinching; 
strychnine was given in a few experiments to increase the excitability 
of the cord but as a rule good reflex contractions were obtained without 
it. The muscle was kept at a temj)erature equal to or slightly above 
that of the cord when warmed; so that, according to our previous 
results, the muscle should be able to respond to. all the impulses reaching 
it. The results of five of these experiments are given below in Table IV. 
It is true that in most cases there is a small increase in total frequency 
when the cord is warmed; in some it is considerable {e.g. Exp. 16), m 
some it is present in parts of the record only (Exps. 13 and 14) ; but the 
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fibres. Tie simplest explanation is that tbe small waves are due to the 
activity of a few only of the muscle fibres and that the greater part 
of the muscle only comes into play during the larger waves. \?hen the 
cord is warm (Fig. 6 (6)) the greater part of the muscle is activated 
much more frequently since the large waves are much closer together. 
It follows that when the cord is warm the spinal centres send out volleys 
of impulses in rapid succession, each volley being a discharge from the 
greater part of the motor centre and occupying most of the fibres in 
the motor nerve. When the cord is cooled the main volleys axe separated 
by much longer intervals and in between the centre keeps up a straggling, 
independent fire from a few units at a time. This straggling fiire may be 
produced by some of the arcs in the spinal centre which have very much 
shorter time relations than the majority, or it may mean that the 
cooling has interfered with the unity of action of the centre so that its 
different parts no longer discharge synchronously. The small waves 
would then be due to a discharge from nerve cells which were too late 
to take part in the main volley, either because of a longer latency or 
because they were out of touch with the other units. In any case it is 
clear that the effect of cooling the cord is to produce a great reduction 
in the frequency of the large waves. 

The results of cooling the cord (if our explanation is correct) can be 
shown diagrammatically as in Fig. 7. The tracings above the diagram 
are copied from a record of the electromyogram with the cord hot and 
cold (Exp. 18), and the diagram gives the suggested analysis of these 
records. The lower lines represent the discharges occurring in each motor 
neurone, or in each group of muscle fibres innervated by a single neurone, 
and the line above shows how these would add together to give the 
electric response of the whole muscle. When the cord is cold four neurones 
are represented as responding synchronously and three more at the same 
frequency but out of phase with the rest. When the cord is warm five 
neurones respond synchronously at one and a half times the frequency 
and two are out of phase. The resulting electromyograms have the same 
number of oscillations per sec. in either case, but when the cord is 
warm the large waves are one and a half times as frequent as they are 
when it is cold. 

The foregoing experiments have shown that cooling the cord does 
cause an appreciable change in the character of the electromyogram. 
This change can be explained without assuming that the cord discharges 
too rapidly for the muscle to follow and it is extremely difficult to see 
how it could arise if this view were correct. 
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There is, however, another Test which may be applied; the reflex 
contractions may be produced by rhythmic stimulation of an afferent 


Cord Cold 


Coro Warm 
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Fig. 7. 


nerve instead of by pinching the skin. With the cord at a normal tem- 
perature, if an afferent nerve is stimulated with 120 shocks per sec. the 
reflex electromyogram will show a regular series of action currents 
with a frequency of 120 per sec. If the stimulation is more rapid the 
response becomes irregular but does not increase in frequency. We 
have supposed that this limiting frequency of regular response is im- 
posed by the spinal centres and not by the muscle; if so, the limiting 
frequency should be very much reduced when the cord is cooled. If the 
cord can really respond much more rapidly than 120 per sec. and the 
frequency of the electromyogram is due to the muscle, then there is no 
reason why it should be reduced when the cord is cooled. 

We have made three experiments on the same lines as those in 
Table IV with the difference that the reflex contractions were produced 

16 
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by rb 3 Hkliraic stimulatioix of an afierent nerve (usually tbe opposite 
sciatic) at various rates from 32 to 320 per sec. A typical result is shown 
in Fig. 8. In Fig. 8 (6) the muscle is at 20° and the cord at 19°; the 
opposite sciatic was stimulated 80 times per sec. and the muscle gives 
a regular series of responses at the same frequency. In Fig, 8 (a) the 
muscle is at 19° and the cord has been cooled to 4°. The response to 
80 stimuli per sec. is now an irregular medley of small waves with 
a few much larger, in fact it closely resembles the electromyograms in 
Figs. 5 and 6 where the cord was cooled. The total number of waves 
per sec. is actually greater in Fig. 8 (a) than in (6), but it is clear that 
the cord at 4° is no longer able to give a regular series of discharges 
at 80 per sec. At this temperature stimuli at 32 per sec. to the afferent 
nerve gave a regular series of responses at 32 per sec. in the muscle, 
but higher rates of stimulation were not followed. 

Table V shows the maximum j&requency of stimulation which will 
give a regular series of responses at different temperatures of the spinal 
cord. In all the experiments the response is coxmted as tegular as long 
as it exhibits the rhythm of the stimulus; at low frequencies of stimula- 
tion the response to each shock may be multiple, but the record shows 
a definite rhythm and is quite unlike the irregular response given by 
more rapid stimulation. The table shows also the “Irregular frequency," 
i.e. the total number of waves per sec. iu the electxomyogxam when the 
response is no longer regular. Like Table IV it confirms Buchanan’s 
observation that the frequency of the electromyogram does not change 


Tasle V. Spinal frog: rhythmic stimulation to afferent nerve at different frequencies. 

Reflex electric response 

Temperature , 1 , 

, * , Maximum 

Cord Muscle regular frequency “Irregular frequency” 
Exp. ° C. ° C. per see. per sec. 

19 19 20 120 100-120 

8 19 48 110 

20 19 160 120-150 

4 20 32 100 

20 19 160 120-150 


11-5 

20 

96 

300 

7 

20 

doubtful 

100-120 

16 

20 

128 

120-140 

21 

20 

160 

130-150 

7 

20 

48 

100-120 

13 

21 

.80 

100-120 

19 

21 

120 

100-130 


The following Etimulation frequencies were used for testing: 32, (40), 48, 64, 80, 9B, 
120, (128), (144), 160 and various higher values. The figures in the third colunm are acenmte 
only as between these values. The frequencies enclosed in brackets were often onuttea 
from the series. 
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to any great extent when the cord is cooled, but it also confirms the 
suggestion that there is a great decrease in the frequency with which 
the centre can respond as a whole. If the figures in this table are com- 
pared with -those in Table IV it will be seen that there is a very good 
agreement between the maximum frequency of regular response on 
rhythmic stimulation (Table V, column 3) and the frequency of the 
large waves in the response to pinching (Table IV, column 4) with the 
cord at different temperatures. 

We conclude, as before, that the frequency of the electromyogram 
is determined by the spinal centres and not by the muscle, and we 
may add that the spinal centre is so constituted that it cannot discharge 
as a whole more often than 120 times per sec. at 15° C. or 32 times 
at 7° C., presumably on account of the refractory phase of some part 
of the conducting structures. 

In one other respect this hypothesis is open to experimental verifica- 
tion. When the cord is cooled to 6° the frequency of the electromyogram 
may be as high as 120 per sec. when every wave is counted, but we have 
supposed that the individual motor nerve fibres and the groups of muscle 
fibres which they innervate fire for the most part responding at a much 
slower frequency. If they ore, then cooling the muscle down to the 
temperature of the cord will not reduce the frequency of the electro- 
myogram even though a temperatore is reached at which the individual 
muscle fibres would be unable to respond as rapidly os 120 times per sec. 
We have made three experiments in which the cord was cooled and the 
temperature of the muscle was varied. These are recorded in Table VI. 


TABI.E VI. 



Temperature 

Reflex response to pinching 


Cord 

» 

rrcquoncy per sec. 


Muscle 


large waves only 

Exp, 

'’C, 

“C. 

All waves 

22 

4-6 

11 

110, 120, 110, 120, 120 

40, 40, 20, 40, 30 


4 

24 

110, 140, 120, 110, 130 

40, 30, 30. 30, 40 

23 

7 

10 

130, 130, 130, 160, 140 

40, 40, 50, 60, 30 


6*5 

16 

160, 120, 140, 140, 130 

30, 60, 40. 30, 40 


8-5 

IS 

140, 140, 130, 160, 120 

40, 30, 60, 40, 60 

24 

5*5 

7-6 

80, 70, 80, 60, CO 

30, 30. 30, 10, 20 


♦ 5 

7 

90, 80, 100, 80, 70 

30, 40, 30, 30, 20 


* In this experiment the muscle was the gastrocnemius ; in all the others the hamstrings 
wore used. 

Unfortunately the method of cooling the muscle by circulating cold 
water through the double walled trough did not allow very low tempera- 
tures to be reached. Nevertheless in Exp. 23 it will be seen that the 

15-2 
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muscle at 10° gave a refles response with a frequency as high as 150 per 
sec., and in Exp. 24 the muscle at 7° gave a frequency of 100 per sec. 
Both these values are well above the average for the maximum frequency 
of response of a muscle at that temperature when the motor nerve is 
stimulated and every fibre is brought into'play by each stimulus, though 
they are not outside the extreme limits which are sometimes found. 
The experiments are therefore scarcely conclusive, though the high 
frequencies obtained in the reflex contraction do suggest very strongly 
that the whole muscle is not in action during each wave of the electro- 
myogram. Incidentally the figures in this table agree with those in 
Table II in that the frequency does not alter when the temperature of 
the muscle is raised. 

Remarks. The experiments just described are of interest in connection 
with the recent work of Athanasiu(S). From a study of the electro- 
myogram of different muscles (mammalian as a rule) he concludes that 
every record is made up of oscillations of two different origins, large 
waves of frequency from 70 to 150 per sec. due to the activity of the 
muscle and small waves of frequency from 300 to 500 per sec. due to 
the passage of impulses in the motor nerve fibres. Our own records of 
the normal electromyogram (of the frog, the cat, and man) show occa- 
sional clusters of very small waves of high frequency, but we have 
never been able to make out any clear separation of two such types of 
w'ave as Athanasiu describes, since there are always many of inter- 
mediate size. It should be added, however, that we have not made any 
detailed statistical examination of our records. But it is noteworthy 
that the records in which two such groups of waves are most evident 
are those in which the spinal cord was cooled {e.g. Figs. 5 and 6). Here 
the large waves are less frequent and are separated by groups of very 
much smaller ones. We have suggested above that these small waves 
are due to the activity of only a small part of the muscle and that they 
are produced by a discharge of impulses from a few of the neurones in 
the spinal centre, which can only discharge as a whole at a much lower 
frequency. According to Athanasiu’s explanation the small waves 
should be caused by impulses in the nerves and the large waves by the 
muscle, which is unable to respond to every impulse that reaches it. 
But the results given in Tables IV and V show that it is cooling the 
cord and not the muscle which reduces the frequency of the large waves 
iu the electromyogram; it is very difficult to see how this result could 
be'^achieved if Athanasiu’ s explanation is correct. Cooling the cord 
shouild reduce the frequency of impulses in the nerve, but if this is still 
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too rapid for the muscle to follow, the effect would be either to leave 
the muscular response unchanged or else to make its freqnency increase. 
This follows from the fact that if a nerve is stimulated at a frequency 
too great to bo followed by the muscle, the only effect of an increase 
in the frequency of stimulation is to cause a reduction in that of the 
muscle response, presumably because there is a greater interference 
between successive impulses at the nerve ending. This resnlt is shown 
very clearly in an experiment of Athanasiu’spo), and we have observed 
it repeatedly. Thus, if the small waves are due to the nervous impulses 
and the large waves to the muscle we should expect to find that cooling 
the spinal cord would reduce the frequency of the former and increase 
or leave unchanged that of the large waves. The fact that the frequency 
of the large waves is greatly reduced by cooling the cord is therefore 
definitely opposed to Athanasiu’s conception of the electromyogram 
if we have understood it correctly. It is indeed difficult to imagine any 
explanation for the reduced frequency of the large waves as long as 
we suppose that this is not identicol with the frequency of discharge 
of the spinal centres. 

The conception of the electromyogram to which we have been led 
has some important consequences. We have supposed that the centre 
usually responds as a whole, sending out repeated volleys of impulses 
from most or all of the motor neurones which are included in it, but 
that in certain conditions (e.g. when the cord is cooled) small groups 
of neurones may discharge independently of the main volleys. A possi- 
bility of this kind was first suggested in 1877 by Briicke to account 
for the very small electrical effects observed in voluntarily contracting 
muscles as compared with those given by an artificial tetanus. It is, 
however, fairly clear that under normal conditions the responses in the 
centre must be more or less synchronous. Unless they were we should 
be most unlikely to find electromyograms showing the least approach 
to a definite frequency. But if the small waves in the electromyogram 
are due to the activity of only a few neurones when the cord is cooled, 
the same thing may occur to some extent at a normal temperature also. 
Piper considered that the spinal centres in man tended always to 
respond at a definite frequency which varied to some extent with the 
muscle concerned and was in the neighbourhood of 50 per sec., and he 
supposed that any departure from this rhythm rvas due to neurones 
out of phase with the main body. This view has been generally aban- 
doned, since a large number of electromyograms show no trace of a 
dominant rhythm of 50 per sec.; but it may still be true, as Piper 
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supposed, that the more irregular the record the greater the lack of 
coordinatiou between the different neurones which supply the muscle. 
If so a study of the electromyogram in different conations may lead 
to valuable information about the general make-up of a reflex “centre” 
in the cord. 

Further discussion of the mammalian electromyogram would be 
premature. The experiments we have described have been confined to 
frogs and they do not prove that the mammalian spinal cord cannot 
discharge impulses at a frequency too rapid for the muscle to follow. 
In the frog the maximum frequency of discharge from the cord is not 
far off the maximum frequency of response in the muscle and it may 
perhaps surpass it in other animals. At the same time the view that it 
does so has been based partly at least on the temperature effects in 
frogs and we have found that these are in reality best explained on the 
view that the discharge from the cord has the same frequency as the 
electromyogram. 

Summary. 

The theory that in reflex or voluntary contraction the nerve centres 
send out impulses at a greater frequency than that shown in the electro- 
myogram has been submitted to examination. This view has been based 
on the effects of local alterations of temperature which suggest that the 
frequency of the electromyogram is determined by the muscle rather 
than the cord. On the other hand a serious objection arises from the 
fact that a muscle stimulated reflexly will not give a regular response 
at a frequency greater than 160-200 per sec. (in a mammal), whereas 
it will respond regularly at 300-400 per sec. when the motor nerve is 
stimulated. 

We have examined the effects of temperature alterations in spinal 
frogs and we find that they do not support the view that the discharge 
from the cord is too rapid for the muscle to follow. If a frog’s muscle 
is warmed through 10° C., the average increase in the frequency of the 
reflex electromyogram is less than 10 p.c., whereas if the muscle is 
responding to a very rapid series of stimuli to the motor nerve (600- 
800 per sec.) a rise of 10° will increase the frequency of response by 
70 p.c. Cooling the muscle may reduce the frequency of the reflex 
electromyogram, but this, in the frog, is the inevitable result of the 
prolongation of the refractory period of the muscle. 

It was shown by Buchanan that altering the temperature of the 
spinal cord did not alter the frequency of the “wavelets” in a strychnine 



SPINAL mSCHAnQE. 


229 


contraction. In general agreement with this we find that cooling or 
warming the cord usually causes but a slight change in the frequency 
of the reflex electromyogram. But there is a considerable change in 
the form of the response, for the number of large waves per sec. varies 
very clearly vrith the temperatme of the cord though the frequency 
may be unaltered when waves of every size are counted. The explanation 
we take to he that the large waves represent the simultaneous discharge 
of impulses from the majority of the nerve cells and consequent con- 
traction of the majority of the muscle fibres, and that the small waves 
represent the discharge from a small number of nerve cells out of phase 
with the rest. On this view the frequency with which the centre dis- 
charges as a whole is represented by the number of large waves, and 
this varies with the temperature of the spinal cord and not with that of 
the muscle. This view agrees more or less with Piper’s original inter- 
pretation of the electromyogram. It is supported hy the results of 
rhythmic stimulation of afferent nerves, etc. 

We conclude that in the frog the nerve cells in the spinal cord do 
not discharge impulses at a frequency greater than about 120 per sec. 
at 15“ 0. 

Xho expenses o£ this investigation were in part defrayed out of a grant from the 
Government Grants Committee of the Royal Society to one of us. (E. D. A.) 
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THE EXCRETION OF CHOLIN IN THE URINE. 
By W. F. shanks. 


{From the Physiological Institute, University of Glasgoto.) 

The fate of cholin in the body has never been properly investigated. With 
regard to its excretion in the urine the folio-wing statements are to be 
found: (i) Cholin given in doses of 1 gm. to rabbits subcutaneously or by 
the mouth does not appear in the urine (von Hoesslin{i)). (ii) The urine 
of rabbits fed on lecithin contains no cholin (Fr anchini(2)), (Both quoted 
from Barger’s Simpler Natural Bases{Z).) (iii) After intravenous or 
intracerebral injection of 0-3 to 0-7 gm. of chohn none appears in the 
urine (Donathw), In this paper Gumprecht is quoted as having de- 
tected it after administration of doses of 1 gm. subcutaneously, (iv) In 
man -when lecithin is taken by the mouth in doses of 5 to 10 gm. per day 
there is a quantitative excretion of cholin in the urine (Berg(5)); no 
details of method of estimation, etc. are given, (v) Guggenheim and 
Loeffler{6) state that a small proportion of cholin given intravenously 
appears in the urine but not if the administration is subcutaneous. (Doses 
up to a total of 2-2 gm. in 18 days.) 

It appears, therefore, that there is little agreement on the subject 
and this may be partly explained, especially as regards the negative 
results, by the great difficulty of detecting cholin in minute quantities 
by chemical means. Indeed it has been stated that there is no satis- 
factory chemical test for cholin. Guggenheim and Loeffler(6) 
employed the biological test after conversion of the cholin into acetyl- 
cholin as first described by Reid Hunt(T). In their paper they outline 
a method for the formation of the acetyl derivative which I have found 
to give uniformly satisfactory results. The biological test on the frog’s 
heart as described by Reid Hunt{8) and by Fuhner(9) is perfectly 
trustworthy if its limitations are appreciated. 

In investigating the excretion of cholin in the urine I used the hydro- 
chloride for administration to rabbits and rats, (i) subcutaneously, 
(ii) intravenously, (iii) by the mouth. In no case were the doses employed 
sufficiently large to produce severe general effects and slight symptoms 
\'c;ere observed in only one case. The method adopted was, in general, 
as^qllows: the animals were kept in cages on a liberal diet, freely supplied 
■withv,green stuff or water and the mine was collected periodically. The 
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total urine for the given period (24 hours in the case of rabbits) was 
evaporated to dryness on the steam bath, the dry residue ground up 
with sand and placed in a stoppered bottle with absolute alcohol for 
a minimum of 24 hours. The alcoholic extract was filtered and evaporated 
to dryngss on the steam bath. ' The last part of the process was conducted 
in a stout walled test-tube and the product finally dried in a desiccator. 
A oiystalline mass was thus obtained to which was added a small quantity 
of acetyl-chloride. The tube was sealed and immersed in a water bath 
at 100° C. for two hours, then opened and heated on the steam bath to 
drive oS the acetyl-chloride. The contents were extracted with a few 
c.c. of water, neutralised with NaOH and made up to 60 c.c. with frog 
Ringer. Suitable dilutions of these 50 c.c. products were tested by 
perfusion of the excised heart of the frog. 

It is of course obvious that the 60 c.c. of solution obtained by the 
above process contains many substances extracted by the alcohol from 



Fig. 1. Action on the perfused heart of acetylatcd products of urines, showing approxi- 
mately tho aame activity in the dilutions given in Exp. 1. Bottom trace, acetyl-cholin 
1-250 millions. jB= Ringer. The arrows mark the points at which perfusion of the 
fluid to be tested was begun or the return to Ringer after the test. 
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the urine, that it is in all probability not isotonic with pure Einger, and 
that it is possible that it will have some effect on the heart apart altogether 
from any acetyl-cholin which it may contain. Such objections are 
answered by the fact that the original solutions are diluted until an effect 
is just observable and that a comparison is instituted between urinary 
extracts made under identical conditions except that some are before 
and some after the administration of cholin. The precaution was also 
taken of adding small amounts of cholin to certain specimens of normal 
urine before extraction (see protocols of experiments). All solutions were 
adjusted to a uniform pH and those belon^ng to one experiment were 
of course tested in a batch on one heart. No comparison can be instituted 
between results obtained on different hearts as these vary considerably 
in their response. The following are some illustrative experiments: 


The dilution given is the maximal dilution of the extract {50 c.c. see text) which gave an eS( 

Rabbits 


1. Weight, 2-6 kgm. 


Exp. 2. Weight, 2-1 kgm. 


Time in days Total urine c.c. 

Dilution 

0 

76 

500 

1 

140+2 mgm. cholin 

25000 

200 mgm. cholin subcutaneously 

2 

200 

50000 

3 

82 

4000 

4 

203 

4000 

5 

41 

500 

Exp. 3. 

Weight, 1-8 kgm. 


0 

360 

1000 

1 

295 

1000 

2 

120 

500 

40 mgm. cholin into auricular vein 

3 

210 

20000 

4 

200 

WOO 

5 

145 

600 


(130 

500 

0 

{130 + 5 mgm. cholin 

20000 


Time in days Total urine c.c. Dilut 


0 140 10( 

1 495 101 

2 480 lOi 

50 mgm. cholin subcutaneously 

3 315 3(H 

4 360 20f 

5 335 2{K 

6 220 20 ( 

7 330 20( 


8 loo +2 mgm. cholin 100( 

9 420 +4 mgm. cholin 200( 


Exp. 4. Weight, 2-0 kgm. 

0 260 

j |295 


1( 

1 ( 


1 295 + 10 mgm. cholin 20( 
50 mgm. cholin into auricular vein 

2 435 S( 

3 115 W 

4 275 

‘ Half of the urine only was acetylated. In 1 
other half the dilution required was 10. 


Eafa 


Exp. 5. Urine collected before and after 
giving cholin. 

3 days before 40 100 

25 mgm. cholin subcntaneously 
3 days after 32 2500 


1 

S 

\ 


Exp. 6. Urine collected for 4 days. 

Control 27 I® 

„ 29 » 

108 mgm. cholin in 
drinking water 36 

111 „ 20 W 

Negative results were also obtained when 1 
and 200 mgm. respectively were given m t 
food. 


NO'TE, In the case of the rat experiments I wish to express my obligation to Mss ,• 

son i'or the loan of the animals and for attending to the collection of urine and the le 
All the.^ animals used were about the same size {100 gm.). 
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These results indicate clearly that after injection of cholin a substance 
is present in the urine which after acetylisation has a marked efieot on 
the frog’s heart and there is no room for doubt that the substance is 
actually cholin. The activity of post-injection specimens is lost on 
standing (as is the case with pure acetyl-choUn) and approximates to 
that of the pre-injection specimens wliich show little difference. Hence 
the activity of the latter is not due to acetyl-cholin. It is probably caused 
by sodium acetate formed at the neutralisation of the (decomposed) 
acetyl-chloride during preparation. At least the addition of sodium 
acetate in relatively small amounts to Ringer produces a similar effect. 

Having regard to the uncertainty attending a biological test the 
um'formity of the qualitative results was remarlcablo. In no experiment 
(and several are not detailed) was the effect absent. In most of the 
experiments I determined the total solids of the urine and the weight of 
the alcoholic extract, but as no relation was apparent between these 
factors and the degree of activity the figures have been omitted as value- 
less. The results are, I think, very roughly quantitative but the method 
employed is too imperfect to trust it in that respect. In order to avoid 
the extraction of so much adventitious matter I tried one or two solvents 
other than alcohol (ether, chloroform, etc.) but these failed to take up 
cholin added to specimens of urine. 

CoNcnusioNS, 

1. After subcutaneous injection of cholin in doses of about 25 to 
260 mgm, per kilo, a small percentage appears in the urine. 

2. After intravenous injection of cholin in doses of about 20 mgm. 
per kilo, a small percentage appears in the urine, but more than in 1. 

3. Elimination appears as a rule to be nearly complete within 24 hours. 

4. If cholin is present in normal urine it is in exceedingly minute 
amounts. 

5. After oral administration of cholin in doses of 1 to 2 gm. per kilo, 
(rats) none appears in the urine. 
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Sodium sulphate. 



Rates of 

Glucose 

Total 

Glucose 

Actual 

Actual p.c. 
cones, of 


cooes, in 

excretion of 

cones, of 

rates of 


urine 

after 

urine 

after 

glucose 

after 

serum 

after 

urine before glucose in 
injection in urine before 


before 

before 

before 

before 

c.c. per min. 

injection 


1-62 

0-25 

0-41 



.0-096 

6-1 


4-7 

0-079 

0-38 

1-1 

0-027 

10-9 


9-7 

0-12 

1-1 

0-92 

0-021 

14-1 


30 

0-41 

1-23 

0-91 

0-216 

4-35 


3-8 

0-0 

0-0 

0-88 

0-013 

6-5 


1-43 

0-55 

0-79 

1-02 

0-15 

6-0 

Second 1 

i 2-87 

0-71 

2-06 



0-068 

2-58 

injections ( 

' 2-2 

0-87 

1-96 

— 

0-021 

1-25 




Normal saline. 





0-85 

1-09 

0-92 

0-87 

0-067 

10-7 


2-5 

0-97 

2-47 

0-92 

0-091 

6-9 


1-27 

0-83 

1-14 

— 

0-059 

13-1 


0-51 

1-14 

0-61 

1-08 

0-081 

13-4 

, 

r o-SG 

0-87 

0-74 

0-88 

0-021 

12-9 

Second J 
injections 1 

3-5 

0-71 

2-5 

0-87 

0-014 

6-5 

' 1-5 

0-81 

M7 

1-01 

0-051 

15-5 

2-94 

0-92 

2-75 

— 

0-049 

14-1 


1 2-4 

0-86 

2-06 

— 

0-208 

1-36 



Urea {in normal saline) 




1-6 

0-43 

0-69 



0-083 

8-4 


1-2 

0-63 

0-75 



0-209 

7-1 

Second I 

i ■ 1-27 

0-29 

0-36 

— 

0-06 

9-2 

injections j 

1 1-15 

0-64 

0-75 

— 

0-209 

6-42 


The contrast between the efiect of the normal sahne and isosmotic 
sulphate is marked. Fig. 1 illustrates the third sulphate experiment. 
There is in all the sulphate experiments (except the two second 
injections) a large fall in the concentration of the glucose in the urine, 
and generally a pronounced fall in the total output of glucose. On the 
other hand in the normal saline experiments — ^with comparable rates of 
flow — there is only a slight change in the concentration of glucose in 
the urine, and the total output of glucose rises in proportion to the 
diuresis. In the case of the two second injections with sulphate the 
urinary glucose had not returned to the initial value when the injection 
was given. Phosphate (6 exps.), urea (4 exps.), strong sodium chloride 
(6 exps.) behaved similar to sulphate first injections. Of 15 injections 
of sodium iodide all but three behaved like sulphate and among four 
bicarbonate experiments all but one. 

If the relative alterations of urinary sugar concentration be graphed 
.against the relative alterations in the rate of flow the results appear to 
fall into three groups (Fig. 2). The upper group contains the experiments 
of the normal saline type, while the others are divided between the other 
two groups. The lower two groups, as seen from Fig. 3, seem to fit m 
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Fig. I. 


Thick line sugar concentration of nrine. Circles, sugar concentration of serum x 10. 
Dotted lino, rate of flow of urine. 



IKc£jt rd^ii ivrxA\t(ytJtaIi/vt cUu/tcaj^) 

Kg. 2. The observations enclosed in circles are from 
normal saline injections. 


GI^TflUrUlJxnf vW.'UL 0 'Wt 
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with an empirical formula C xVR = K and 2K, where C is the relative 
alteration in sugar concentration and R the relative diuresis. 


X 



dcJjLo 0 ^ rvJii u/ri/nz. {.rticJlMr clluiriAtA) 

Fig. 3. 

For the same relative diuresis there is a much greater fall in the 
glucose concentration in the urine with substances of the sulphate class 
than with the chloride class. In regard to the total output of glucose 
there is in general a fall in the output of glucose in the sulphate group 
when the diuresis is not marked. If the rate of urine flow remains un- 
changed by the injection (cf. Fig. 3) the output would in the sulphate 
group fall to one-third or two-thirds of previous value. The fact that the 
marked' glucpse reduction is caused by so many 'substances seems to 
rule out a purely membrane effect (9), for it is, difidcult to see how urea 
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Physiological saline, which does not cause any pronounced alteration 
in the concentration of glucose in the urine, was the only fluid in the 
series examined at all comparable in composition to blood plasma. It 
seems legitimate therefore to assume that the alterations in the urinary 
sugar caused by other injections are due to a removal of sugar that would 
otherwise be excreted. 

The glucose concentration as a rule returns to its initial value about 
half an hour after the injection; before, consequently, the injected 
material has’ been completely removed. The reduction in sugar may be 
due to some initial utilisation of glucose in the excretion of the foreign 
substance. 

That the results obtained with these substanees fall into two groups, 
one indicating twice the activity of the other, might conceivably bo 
due to independent activity of the proximal and distal portions of the 
convoluted tubules. 

Su.MJIARy. 

Experiments on the influence of diuretics on the secretion of glucose 
by rabbits under anoesthesia show that: 

1. Physiological saline has but little influence on the sugar concen- 
tration in the urine. 

2. Sodium sulphate, phosphate, bicarbonate, iodide and urea, injected 
in solutions isosmotic with blood and in the same quantity (30 o.o.) 
as the physiological saline caused a marked fall in the glucose con- 
centration in the urine and generally a fall in total output of glucose. 
Occasionally an iodide or bicarbonate injection behaved like the normal 
saline. Strong sodium chloride solutions behaved like sulphate, etc. 

3. This fall of concentration in glucose increases according to the 
degree of diuresis, and its relation to the change in flow of urine follows 
a simple empirical law. 
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THE SUPRARENAL CORTEX OF THE MALE 
THROUGHOUT THE CESTROUS CYCLE. 

By ALEXANDER WATSON. 


{From ike Institute of Physiology, Glasgow University.) 

The close connection between the gonads and the cortex suprarenalis 
or inter-renal tissues has been for long recognised. They are both 
developed from the mesothelinm of the genital ridge. In structure the 
lipoid containing cells of the inter-renal tissue is indistinguishable from 
that of the interstitial cells of the testes and ovaries. Their probable 
functional connection has been indicated by many observers. Stillingd) 
found enlargement of the adrenals in male rabbits during the breeding 
season. He also observed seasonal variations in the adrenals of frogs — 
during the summer, the peripheral part of the cortex contained peculiar 
elements — summer cells — which atrophied when the sex glands began 
to enlarge. Aichel(2) noted that the adrenals were very large in animals 
with well-developed sex organs or reproductive instincts. He also found 
that there was an increase in size of the adrenals of birds and some 
amphibia during the breeding season. Guieysse(3) found considerable 
enlargement of the adrenals afiecting especially the zona fasciculata in 
pregnant guinea-pigs. Gottschau(4) working onjpregnant rabbits states 
that the outer part of the cortex increases in thickness at the expense 
of the medulla and inner zone. After castration, Schenk(5) found 
enlargement of the cortex, especially in zona fasciculata, and Cecca{ 0 ) 
states that he found that both cortex and medulla enlarge after castra- 
tion. 

Glynn(T) gives a very full account of the relation of changes in the 
suprarenals to abnormal conditions of the gonads. The changes in the 
gonads and more especially in the interstitial cells of the testes throughout 
the osstrous cycle have been studied by many investigators. References 
to previous work will be found in my paper in this Journal, vol. 53, 1919- 
Sir Frederick Mott(8) in an investigation of the normal and morbid 
condition of the testes from birth to old age, states that with the dawn 
and development of the sexual desire there occur two histological 
changes — reappearance of interstitial cells in an active state, and the 
accumulation in and around them of granules staining with Sudan III - 
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Sir 

and this may be regarded as an indication of the presence of a phos- 
phorised lipoid which may serve as the raw material from which can be 
built up the nuclein necessary for the active formative cell processes 
connected with spermatogenesis. 

It therefore seemed desirable to study if changes in inter-renal tissue 
go on concurrently with those in the testes. The mole was selected 
because of its W'ell-marked cycle and because the previous work of 
Tandlcr and 6 ross( 0 ) had dealt so fully with the changes in the testes 
and in their interstitial cells. 

Methods. The animals were trapped each month during 1920 with 
the exception of December when no supply was forthcoming. The 
posterior part of the body including the suprarenals was at once 
preserved in 10 p.o. formalin. Sections of uniform thickness were cut 
by the freezing method and stained with Sudan III or osmic acid and 
all the sections were kept for the same length of time in the various 
fluids. To prove that the parts of the sections staining with Sudan III 
or osmic acid were really of a fatty nature, sections were treated with 
ether previous to application of the stain, sections so treated were not 
affected either by Sudan III or osmic acid. 

Results. Measurements showed that the total size of the suprarenals 
did not vary markedly throughout the different months but that the 
\vidth of the cortex reached a maximum in March and April. For this 
investigation four or five animals were used each month. 


Cortex op supbarexae. 



Length 

Breadtli 


Length 

Breadth 


mm. 

ram. 


mm. 

mm. 

Jan. 

2 7.5 

0 30 

July 

3 0 

0 33 

Feb. 

30 

0 38 

Aug. 

30 

0 35 

Mar. 

35 

0 41 

Sept/ 

30 

0 30. 

April 

3 25 

0 41 

Oct. 

216 

0 30 

Jlay 

32 

0 38 

Nov. 

30 

0 33 

June 

30 

0 30 





On examining the series of sections it was found that those of the 
month of April showed the largest amount of lipoids. The sections of 
this month then were taken as a standard and the sections of the supra- 
renals from animals killed during each of the other months compared 
with them. The accompanying chart indicates the changes in the lipoid 
content of the suprarenals throughout the year. The values are purely 
arbitrary. It is seen that during the month of April the lipoid content 
of the suprarenal is at its maximum. This is followed by a gradual 
decline imtil October, when there is observed a slight rise, again followed 

16—2 
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by a diminution until January. Thereafter the lipoid content is slightly 
increased imtil March when there is a marked decrease succeeded by 



jm FEB. MAR. APRIL MhV !TUNC JULY AVa. SEPT. OdT. mV. DEC. 


SUPRAREmt * <• 

TESTfS • • 

Fig. 1. 

the increase to the April maximum. To advance an explanation for tlie 
decrease in the lipoids during March and the increase in October requires 
some reference to the changes that take place in the testes during the 
oestrous cycle. Serial sections of the testes were prepared from each 
animal and stained with iron hematoxylin. On examination of these 
it was found that the tubules were well formed with free spermatozoa in 
the month of March: this agrees with Tandler and Gross’ observations. 
In April the tubules began to show signs of degeneration which con- 
tinued till October. During that month the tubules showed signs of 
a slight regeneration and this coincided with the increase in the amount 
of lipoids in the suprarenal. It seems probable that the marked diminu- 
tion of the lipoids in the month of March is due to a great demand made 
by the rapidly developing and active testes during the height of the 
rutting season. Miilais(io) states that moles may have a second litter 
late in the year, which seems to indicate an original di-oestrous habit, 
suggested in our series by the slight regeneration of the tubules. 

It would seem as if a preparatory storage of lipoids in the supra- 
renals took place which was not called upon by the more or less suppressed 
activity of the testes in the second oestrous. 

These observations seem to show that the inter-renal cells play an 
ancillary part to the interstitial cells of the testes in the storage of 
lipoids which seem to be required in the production of spermatozoa. 
Sir Frederick Mott in the paper previously mentioned states that 
one of the fimctions of the adrenal cortex is that of storing lipoids 
which pass into the blood and so keep constant the supply to the 
reproductive organs. 

I am deeply indebted to Prof. D. Noel Paton for advice and 
criticism throughout the course of the work. 

The expenses of the research were defrayed by a grant from the Carnegie Trust. 
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THE CONCENTRATION OF LACTIC ACID IN THE 
BLOOD IN EXPERIMENTAL ALKAL^MIA AND 
ACIDEMIA. By G. V. ANRBP and K K. OAMAI^ 
Memorial Research Fellow). 

(From the InsiituCe of Physiology, University College, London.) 

Macleod and his co-'svorkersfi) have sho^vn that administration of 
alkali causes an increase of lactic acid in the blood and urine, an increase 
of glycolysis in the blood and a decrease in the blood sugar concentration. 
Macleod(2) also reports some experiments on lactic acid in anoxseniia 
but his results are complicated by the fact that lack of Oj rras accom- 
panied by lack of COj . In one set of experiments the ansesthetised animal 
breathed into a closed system containing lime bottles for the absorption 
of CO2. It is clear from the data that there vras here lack of COg. 
Moreover in one only of the experiments did the concentration of the 
lactic acid return to normal after the cessation of the anoxaemia. Two 
experiments vrere made on the effect of asphyxia; in one of these there 
was a marked rise in lactic acid so far supporting the view that the 
accumulation of lactic acid was due to lack of oxygen, but in the other 
experiment a rise in lactic acid did not occur. Macleod does not support 
bis conclusions by analysis of the blood gases nor by the determination 
of the H ion concentration of the blood. Macleod considers that the 
accumulation of lactic acid in anoxaemia may assist in the neutralisation 
of the relatively increased base which results from the blowing off of 
CO2 from the blood due to stimulation of the respiratory centre by the 
oxygen deficiency . Macleod was, however, unable to obtain any evidence 
that lactic acid can be produced for this purpose when there is no 
oxygen deficiency. 

In an animal with intact nervous system it is difficult to separate 
the various factors affecting lactic acid concentration. Administration 
of COg causes high blood-pressure and muscular movements; and ex- 
cessive respiration designed to remove COj causes a marked fall of 
blood-pressure and consequently a deficient circulation. 

It seemed therefore desirable to test Macleod’s conclusions under 
such experimental conditions which would allow of a better control of 
all' the factors involved. 



LACTIC ACID IN BLOOD. 


245 


Method. The majority of the experiments were performed on the 
heart-lung preparation devdsed by Starling(3), defibrinated blood being 
used. The blood circulating in such a preparation is subject to two main 
changes: (1) a progressive concentration of the blood due to evaporation 
of water from the lungs, (2) a heavy loss of CO^ and, in consequence, a 
marked movement of the pH of the blood to the alkaline side. Both 
changes are due to the excessive pulmonary ventilation unavoidable in 
the heart-lung preparation. The concentration of the blood was prevented 
by passing the air on its way to the trachea through a column of water 
warmed to about 50° to 60° C. The air thus saturated with water reached 
the lungs at a temperature of about 34° C. This simple arrangement 
proved quite effective. Any experiment in which the hemoglobin con- 
centration of the blood increased more than 10 p.c. was rejected. The 
blood samples were collected either from a T-piece inserted into the 
arterial side of the apparatus or from the venous reservoir. The blood 
was drawn under a thick layer of paraffin without contact with air, and 
a little sodium fluoride was added to prevent glycolysis (4). 

All determinations were performed in duplicate and were completed 
either during the progress of the experiment or were carried to such 
a stage that no spontaneous changes could occur to vitiate the results. 
The following determinations were made: 1. The pH of the blood by 
Dale and Evans’ dialysis method (S). 2. The CO^ content of the blood 
by vanSlyke’smethodlt). 3. The bmmogiobin concentration. AO'Sp.o. 
solution of the blood treated with CO was compared in a Duboscq 
colorimeter with a similar solution of the first blood sample which was 
taken as standard (100 p.c.). 4. The blood sugar by Maclean’s 
method(7). 5. The lactic acid of the blood by Clausen’s methodlS). 

In certain experiments the following determinations were also made : 
6; The oxygen saturation of the blood by Barcroft’s method. 7. The 
COg-dissociation curve of the blood. 8. The COn-reaction curve of the 
blood. 9. The chlorides of the blood and serum by Smith’s method (O). 
10. The total solids of the serum. 

The method of estimating lactic acid was carefully tested before the 
experiments were undertaken. The reaction best adapted for the estima- 
tion of small amounts of lactic acid is that exploited by von Furth and 
Charnasspo), whereby oxidation to acetaldehyde and CO 2 is effected 
by very dilute permanganate, the acetaldehyde being removed as rapidly 
as it is formed, trapped in bisulphite and estimated by some iodometric 
method. The difficulty in its application to biological material is the 
presence of other substances which by the permanganate treatment 
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yield appreciable amotmte of bisulpbite-binding substances. This diffi- 
culty is only overcome by some form of extraction of the lactic acid from 
the interfering compounds. Such treatment is, however, time-consuming 
and difficult where small amounts have to be determined; it would 
seriously limit the number of observations which could be made in any 
one experiment In discussing the estimation of lactic acid in blood 
Clausen points out that the substance in a protein-free filtrate which 
is the chief contributor to errors in the direct determination of the lactic 
acid is glucose and suggests its removal by the method of van Slyke 
and Fisk (11). By this method the proteins are first removed from the 
blood by tungstic acid and the sugar is then removed from the filtrate by 
treatment with copper sulphate and lime in the prescribed amounts. The 
V. Furth and Charnass determination is applied directly to the filtrate 
so obtained. It is uncertain from Clausen’s paper(8) whether he 
adopted this method or whether he relied on that involving ether 
extraction. In any case he only quotes two figures to show that the 
two methods give concordant results. 

The first point we tested was the efficiency of the sugar-removing 
treatment applied to mixtures of pure zinc lactate and sugar and to 
blood to which varying quantities of these two substances had been 
added. It was found that sugar was coinpletely removed in concentra- 
tion in the blood as high as 5 p.c. and that added lactic acid was quan- 
titatively recovered. The other important question was to determine 
the results given by this method as compared with that involving ether 
extraction on various samples of fresh blood. Table I gives a few repre- 
sentative results from which it may be concluded that the method does 
yield values which are comparable with those given by the longer method 
and represents fairly closely the lactic acid content. 

A further point is that of the recovery of lactic acid as acetaldehyde 
by the permanganate treatment. Von Furth and Charnass, as also 
Clausen, obtained a 90-92 p.c. recovery, whilst in the hands of some 
workers only 86 p.c. has been recovered. We have found, working with 


Exp. 1. 

Found 


Sample 

Lactic acid 
added 
mgms. 

f 

Rapid 

method 

—A. 

Extraction 

method 

I 

0 

35 

29 

1 

50 

82 

80 

2 

0 

47 

60 

2 

65 

109 

116 

3 

0 

52 

45 

3 

90 

138 

134 
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amounts of pure zinc lactate comparable to the amounts of lactic acid 
likely to be encountered in the blood that the recovery was consistently 
89-92 p.c., and we have therefore followed Clausen in adopting the 
empirical factor: 1 c.c iN'/lOO iodine = 0-5 mgms. lactic acid (theory 
— 0-45 mgms.). 

It was realised that the methods of von Furth and Charnass 
would bo open to error if the amounts of acetone and aceto-acetic acid 
in the blood were appreciable, as the acetone would be bound by the 
bisulphite and determined as lactic acid. For this reason in several of 
the critical experiments the acetone bodies were determined indcpen- 
dentlj' of the lactic acid by van Slyke’s method (U) and found to be 
not only very small but to be independent of the lactic acid changes 
on which emphasis is laid. The possibility that production of acetone 
bodies accounted for the results obtained may be confidently dismissed. 

Control experiments. In the heart-lung preparation it is practically 
impossible to avoid over-ventilation of the lungs and, in consequence, 
loss of COj and a shift of the pH to the alkaline side. Whilst the pre- 
paration constitutes only about 1/20 of the tissues of the animal, it is 
impossible to reduce the ventilation to the same degree because the 
oxygenation of the biood is thereby seriously impaired and, moreover, 
there generally results a quick development of hypostatic patches in 
the limgs followed by progressive acute oedema. A heart-lung prepara- 
tion when performed in the usual manner may he said to be in a condition 
of extreme alkaliemia. It is not infrequently found that the COo content 
of the blood may be as low as 7-10 volumes p.c., the COj capacity of 
the serum at 42 mm. may be only 15-20 volumes p.c. and the pH may 
be 7-8 or still higher. All the control experiments were, therefore, under 
conditions of severe over-ventilation. 

The first blood sample was never collected until 15-20 minutes after 
the circulation through the preparation had been started, so that a 
thorough mixture of the blood and its. equilibration with the tissues 
might be assured. Further samples were drawn at intervals of 1 hour 
or more. 

Exp. 2 is typical of the results obtained. The times given are measured 
from the moment when the circulation in the preparation was begun. 
The CO 2 content was low to begin with and continued to fall through- 
out the experiment, the small rise shown in the last determination can 
probably be accounted for by the slight concentration of the blood. 
The pH moved from a very alkaline value steadily towards more normal 
values — a movement incapable of explanation by the CO 2 content of 
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Exp. 2. Control exp. Arterial blood-pressure: 90 mm. Hg. Output of left ventricle: 
320 c.c, per min. Temp.: 36-6'' C. Heart rate: 108 beats per min. The time is counted in 
this and all other exps. from the moment of sTritohing over. 


Time 

pH of 

CO 3 content 
Volume 

Lactic 

acid 

Sugar 

mgms. 

Hremoglobin 

concentra- 

Oxygen 

-saturation 

Solids in 
serum 

blood 

p.c. 

mgms. p.c. 

p.c. 

tion 

p.c. 

p.c. 

0.15 

7-80 

21 

34 

150 

100 

95 

7-12 

1.15 

7-76 

11 

— 

— 

100 

95 

7-14 

2.15 

7-64 

8 

59 

93 

101 

96 

7-18 

4.15 

7-62 

8 

94 

41 

102 

92 

7-26 

5.20 

7-49 

12 

97 

15 

106 

94 

7-40 


the blood. The lactic acid concentration rose consistently whilst that 
of the sugar fell. Undoubtedly the accumulation of lactic acid was an 
important factor in the modification of reaction of the blood and of its 
CO 2 capacity when exposed to 42 mm. pressure of CO^. The COg 
dissociation curves and the COg reaction curves of the first and last 
blood samples are given in Fig. 1. Curve a is the COg reaction curve 
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and o' the COj dissociation curve of the first sample, while b and h' 
axe the respective curves for the last sample. Fo correction has been 
ade for the small mcrease in the concentration of the blood in the 
1 st sample. This correction would tend slightly to accentuate the 
di erences between the condition of the two samples of blood. It is 
app rent that the COg carrying power and the buffering efficiency of 
the b ood have suffered considerably during the experiment as the rise 
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in lactic acid would lead one to expect. This accumulation of lactic acid 
in the hlood during over-ventilation of the lungs has already been 
suggested by Dale and Bvana(i 2 ). They found that animals, in which 
the central nervous system was intact, subjected to over-ventilation gave 
initial values for the pH of the blood sometime.s as high as 9, but became 
less alkaline as the over-ventilation was continued. No rise in COj 
content accompanied this change. The authors were led, therefore, by 
the work of Macleod and Knapp(l) to conclude that there had been, 
probably, an acoiunulation of lactic acid in their experiments. They 
considered that the extremely deficient circulation, which accompanied 
the excessive pulmonary ventilation and indicated a degree of tissue 
anoxtemia, was a sufficient explanation for the increase in lactic acid. 
The experiments reported in this commimication differ from those of 
Macleod in that the accumulation of lactic acid cannot be attributed 
to anoxajmia as there was no change in the supply of blood to the 
tissues and the oxygen saturation varied only ■within very small limits. 
Further, there is no reason to suppose that the change in the dissociation 
of the oxyhemoglobin as the pH moved towards more normal values 
with the accompanying increase in oxygen tension can explain the 
increase in lactic acid. The oxygen tension of the blood at the end of 
Exp. 2 must have been greater than at the beginning, owing to the 
change of pH, whilst the oxygen saturation remained at 95-94 p.o. 
This would lead one to expect that the tissues at the end of the experi- 
ment could if anything more readily have oxidised the accumulated 
lactic acid, but it is' seen that this did not occur. This question 'will be 
discussed later in the paper. 

All control experiments carried out in this manner gave substantially 
similar results. One point may be noted in connection with a few of 
them. On several occasions the blood sugar fell to indeterminable 
amounts before the end of the experiment, but none the less the lactic 
acid continued to accumulate. It would appear that the sugar of the 
blood was in these experiments not the only source of the lactic acid. 

Bffect of reducing the pH of the Mood. The condition of alkalmmia 
inherent in a heart-lung preparation may be readily avoided by the 
addition of COj to the respired air. The effect of this upon the circulation 
is negligible in comparison with that in an animal with intact nervous 
system and is mainly observable by its effect on the heart rate. If the 
percentage of C 02 in the respired air be not excessive, the heart soon 
recovers and resumes its normal rate. If the concentration of COg 
is high the heart beat remains considerably .slower throughout the 



250 


G, 7. ANltEP AND R. K. CANNAN. 


period of administration. In order to control this factor as far as 
possible, small doses of adrenaline were added to the blood. 1 c.c. of 
1 ; 100,000 adrenaline to every 800 c.c. of blood was added every half-hour 
throughout the experiment. These doses hardly affected the normal 
heart beat but were generally sufficient to prevent the slowing due to 
the addition of CO 2 to the air. Control experiments performed with the 
addition of adrenaline in the same way showed no difference from those 
in wdiich the drug was not used. Patersou(l3), it may be noted, has 
shown that under the influence of adrenaline the heart is able to stand 
very high tensions of COg. 

In our experiments the preparation was first ventilated with air for 
about an hour in order to allow of the accumulation of lactic acid so 
that the effect of the subsequent reduction in the pH of the blood 
might be more marked. The CO 2 was administered from bags of 25 c.f. 
capacity, the gas mixture being analysed at the beginning and at the 
end of each bag. The bags were sufficiently impermeable to CO 2 and 
these two analyses rarely differed appreciably. Carbon dioxide was 
administered in different concentrations in the several experiments 
which fall conveniently into three groups — ^those in W'hich 5-6 p.c. of 
CO 2 , 7-8 p.c. and 9-10 p.c. CO 2 respectively, were given. It will be 
sufficient to quote one experiment from each group as representative 
of the results obtained. 

In Exp. 3 whilst the preparation was ventilated with air the con- 
centration of lactic acid was increased sKghtly. Administration of 
5-4 p.c. CO 2 caused an increase in the CO 2 content of the blood and 
reduced the pH. The increase in lactic acid was definitely arrested. The 
rate of disappearance of the blood sugar did not seem markedly affected 
by the CO 2 . The oxygen saturation of the blood was good throughout. 

In Exp. 4 the heart rate fell to 80 beats a minute upon the first 
administration of CO 2 but it soon regained its normal rate. It will be 
seen that the fall in the pH was followed by a diminution in the con- 
centration of lactic acid. Unfortunately the bag containing the CO™ 
mixture became exhausted ten minutes before the last blood sample 
was drawn. This explains the high pH and low CO 2 content recorded 
for this sample. It would appear, however, that the short interval of 
this alkalmmia was insufficient to be reflected in the lactic acid con- 
centration which was evidently at the value determined by the previoi^ 

1 4 ‘hours imder the influence of CO 2 . The reduction of the lactic acid 
concentration was slow, bemg reduced by one-half in 21- hours. The 
sugar disappeared from the blood during the course of the experiment 
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Bzp. 3. Effect of 5-4 

p.c. CO,. 

Blood-prcasure: 85. Output: 350 c.c. 

Heart rate: 110. 

Temp.: 

36-6*’ 

C. 

CO, 

Lactic 


Ojgrgen 

satura- 





Time 

pH 

content 

acid 

Sugar 

tion 

Hb 




o.eo 

7-78. 

18 

390 

220 



100 




0.40 

7*74 

10 

47-9 
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95 

100 




0.50 

Air with 5-4 p 

>.c. CO, for tho rest of e.\:p. 




0.53 

7"G2 

24 

_ 








0.5G 

7-63 

30 












1.00 

7-44 

40 

50-2 

142 

03 

102 




2.30 

7-42 

45 

430 

07 



102 




4.00 

7-42 

• 45 

40*9 

87 

OG 

104 




l:xp.4. Effect of 7-2 

p.c. CO,. 

Blood-pressure: 95. Output: 320 c.c. 

Heart rate: 103. 

Temp. ; 

30“ C. 






Blood 

Serum 

Serum 








chlorides i 

chlorides 

solids 

1.15 

7-74 

17 

G4-0 

72 

94 

100 

570 

720 

7*24 

2.00 

7-70 

0 

7G-2 

39 

05 

101 

570 

720 

7"28 

2.07 

Air with 7*2 

t p.c. CO« 





2.30 

7-38 

5G 

720 

15 

03*6 

102 

570 

705 

7-35 

3.00 

7*34 

58 

60-9 

0 

OG 

104 

6G0 

G95 

7-48 

4.20 

Air without addition of CO* 






4.30 

7-83 

11 

38-0 

0 

89 

105 

555 

710 

7'56 


Rxp. 5. Effect of 3-4 p.c. CO.. Blood-pressuro: 90. Output: 350 c.c. Temp,: SO'O- 
37" C. Heart rate: 130-140. 

1.10 7-77 11 70'S — — 100 580 780 7-63 

I.IG Air uath 9*4 p.c. COj for the rest of c.op. 

1.33 7-30 45 23-3 — — 101 580 740 7'67 

2.33 7-23 00 10-6 — — 101 575 740 7'81 

3.53 7-21 00 — — — 102 670 740 7-90 

5.00 7-22 00 100 — — 104 570 745 7-03 

but, as has been stated, ample evidence has been obtained that lactic 
acid continues to accumulate in the blood of a normal heart-lung 
preparation long after the blood is sugar-free. The loss of lactic acid in 
this experiment cannot, therefore, be explained by the disappearance 
of the sugar. 

A comparison of Exps. 3-5 shows that the administration of COj 
in increasing concentrations of 5-4, 7-2 and 9-4 p.c. reduced the pH of 
the blood respectively to 7-4, 7-34 and 7-23 with corresponding increases 
in the COj tension. In the same sense the effect on the lactic acid was 
increasingly marked. A fall of pH from 7-78 to 7-40 was followed by 
complete arrest of the lactic acid accumulation and a tendency towards 
reduction, a fall of pH from 7-77 to 7-34 effected steady but slow re- 
duction in the lactic acid by 50 p.c. in 24 hours, whilst a shift of pH 
from 7-77 to 7-30 reduced the lactic acid by a third in 20 minutes, and 
a further change to 7-22 brought the concentration down to one-seventh 
of its initial value. In no case was there sufficient change in the oxygen 
saturation of the blood to suggest an explanation for these results. 
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of tke arterial blood are of little value. Analyses' of the mixed venous 
blood ■would bave been more appropriate. However, two experiments 
whicb were performed exhibited the same changes in lactic acid con- 
centration as demonstrated in the heart-lung preparation. In Ixp. 8 it 
■wiU be seen that the concentration of the lactic acid did not diminish 
until the y>H of the blood was reduced by administration of COj. When 
the COg was removed the pK rose again and the lactic acid returned. 
Although there was no evidence that the COg improved the oxygenation 
of the tissues by improving the circulation, the fact of the deficient 
circulation does detract from the value of the observations. 


Exp. 8. Dog. Brain and spinal cord destroyed under o.i:. ansesthesia. Blood samples 


collected from femoral artery. 






Lactic 

Oxygen 
saturation of 


Time 

pn COj 

acid 

arterial blood 

Hb 

0.00 

Spinal cord cut 

7-52 46 




0.20 

166 

92 

100 

0.22 

Excessive respiration with air 



1.32 

7-65 17 
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93-6 

98 

1.35 

E.xcessive respiration with air containing 5-2 p.c. CO, 

2.45 

7-22 74 

117 

91-8 

100 

2.50 

Excessive respiration with air 



3.15 

7-68 13 

165 

94-3 

103 

Exp. 9.- Heart-lung preparation. 




0.40 

7-75 12 

63 

94 

100 

0.40 

Air wth 8-2 p.c. CO, 




1.20 

7-34 69 

31 

95 

100 

1.25 

Gas mixtures containing 8-2 p.c. CO, and 3-9 p.c. 

0, 

3.20 

7-30 07 

13 

41 

101 

3.25 

Ait without COj 




4.00 

7-78 9 . 

49 

95-5 

103 


The effect of anoxcemia. Much stress has been laid on the fact that 
the oxygen saturation of the blood in these experiments has been 
reasonably constant. Experiments now in progress have for their 
object a study of the relation of the oxygen saturation of the blood to 
the lactic acid concentration. Whilst these are as yet incomplete vre 
believe that we are in a position to state that in the heart-lung prepara- 
tion considerable reductions in the oxygen saturation can be tolerated 
■without increase in lactic acid, provided that the pH of the blood be 
kept down by the administration of COg. Exp. 9 may he quoted. 

After 40 minutes of ventilation with air the pH was found to be 
7*75 with a lactic acid content of 53 mgms. p.c. Administration of 
8 p.c. COg reduced the pH to 7*34 and the lactic acid to 37 mgms. p.c., 
and when ventilation was continued with an 8*2 p.c. COg mix'ture con- 
taining only 3*9 p.c. oxygen, the pH moved slightly further to the aci 
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side and the lactic acid concentratioii continued to fall in spite of an 
arterial oxygen saturation of only 41 p.o. MTien the latter was increased 
to normal and, at the same time, the CO, removed, the lactic acid 
concentration increased nearly fourfold. 

In a discussion of changes in oxygen saturation of the blood in 
relation to anoxmmia not only has the amount of oxygen carried by 
the blood to be considered but also the oxygen tension. The latter was 
not determined directly but may be calculated from Hill’s equation: 


where the constant h may be deduced for a given blood sample from 
the equation : 

i=ac;/10>; 


n was taken as 2-2 and a as 360(11). Now an application of these calcula- 
tions to Exp. 5 shows that whereas the oxygen saturation was about 
95 p.o. throughout, the shift in pH from 7-77 to 7-22 would involve an 
increase in oxygen tension of nearly 100 p.c. That this increase was 
not the explanation of the diminution in lactic acid is apparent by a 
consideration of Exps. 2 and 9. In the former there was a steady fall 
in pH "associated with a constant oxygen saturation and therefore a 
steady rise in oxygen tension. In spite of this the lactic acid continuously 
accumulated. In Exp. 9 the oxygen saturation was reduced artificially 
from 95 to 41 p.c. without appreciable change in pH. The oxygen 
tensions corresponding to these two conditions were calculated to be 
90 and 22 mm. Hg respectively. Nevertheless the lactic acid diminished 
considerably. On the ground of all these considerations it would seem 
that the factor controlling changes in the lactic acid concentration of 
the blood in these e.xperiments was not the oxygen tension of the blood. 

Experiments with hhod in vitro. It was of importance to determine 
if the phenomenon of glycolysis in blood in vitro bore any relation to the 
experimental results under discussion. Is this regulatory mechanism 
resident in the blood or dependent on the presence of tissues ? Defibrinated 
dogs’ blood was incubated at 37° G. in tonometers in which equilibration 
was effected with varying mixtures of air and CO 2 . The changes in the 
blood sugar and in the lactic acid were followed. 


Bxp. 10. 

Blood at beginning 
After 4 hrs. with air 

„ „ 19p.c. CO 3 



CO, 


Lactic 

pH 

content 

Sugar 

acid 

7-72 

20 

164 

33 

7-66 

20 

74 

80 

710 

80 

109 

75 
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5. TLie mechanism regulating the lactic acid concentration of the 
blood forms with the primary and secondary buffering systems a third 
line of defence against excessive changes in the reaction of the blood. 
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CHELONIAN RESPIRATION (TORTOISE). 

By THOMAS LUMSDEN, M.D. 

(From the Department of Experimental Pathology, Lister Institute.) 

In a previous communication (i) it was mentioned that in certain 
reptiles (e.g. tortoise, turtle, crocodile, alligator) the respiration is 
normally of apneustio tj^e, t.e. consists of a series of prolonged in- 
spirations. Since this fact has a possible bearing on the evolution of 
mammalian respiration and more or less elucidates the occurrence of 
apneustic breathing in mammals, after elimination of the highest 
(pncumotaxic) respiratory centre, further investigations were made in 
tortoises with the results herein reported. 

Methods. A respiratory tracing was obtained by slipping a fairly 
stout but pliable rubber tube over the head of the tortoise. Through 
this tube the animal breathed various gases, from a large bottle with 
which a zhanometer and a recording tambour were connected. The effects 
of stimulation and section of the vagi and brain stem, and of the applica- 
tion of heat and cold, were observed. Anaesthesia was obtained by 
injeotiomof chloral (•! to -S gtn.) or by freezing the cerebrum by prolonged 
external application of ethyl chloride with subsequent decerebration. In 
tortoises as in mammals, however, chloral so powerfully and so in- 
discriminately aSects the activity of the respiratory centres, as to render 
the residts obtained unsuitable for the study of normal breathing. 
Decerebration allows of much more reliable conclusions. 

Tortoises resist attempts to chloroform them by simply refusing to 
breathe for 2-3 hours at a stretch. It is, however, possible idtimately 
to obtain ansesthesia by means of chloroform especially if the tortoise 
has been breathing N 2 for some time previously, or if the temperature 
of the am’mal is raised to about 30° C. Chloroform vapour may be 
pumped into the animal’s lungs by positive pressure. The method is 
not very satisfactory, for it is difScutt to know when to stop, and even a 
slight overdose means death from cardiac failure. 

Normal respiration. John Hunter (2) concluded that inspiration was 
efiected “by the muscles of the extremities moving their respective bones 
in an inverted order: instead of moving the extremity, the extremity 
becomes the fixed point: the bones answering to the clavicles are moved 
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forward and the bones of the pelvis are pushed against the inside of the 
breast-bone so that the whole bone is pushed out.” Owen(3) stated 
that “The lungs of the chelonia appear to be filled with air chiefly by 
acts of deglutition.” Neither of these views correctly represents the facts. 
Respiratory movements causing only slightly dimirdshed interchange of 
air, still occur even if the limbs are held entirely within the carapace, 
or in the completely extended position, and careful observation makes it 
clear that the contraction of the parietal muscles of the body cavity 
causing expiration, are powerful and independent of the limb muscles. 
With regard to the throat movements, which Owen considered respira- 
tory and in the nature of deglutition. Hunter had previously and 
correctly concluded that these were not inspiratory. They go on frequently 
during the respiratory pause, even if the animal is under water, and they 
are not accompanied by either intake or output of air and so do not 
affect the respiratory tracing, though they may have some effect in 
altering the distribution of the air already inspired. 

The facts are as follows. The prolonged inspiratory pause is ter- 
minated by a rapid profound expiration. A deep inspiration immediately 
follows, and the breath is retained for as a rule a half to five minutes. 
Inspiration is effected by muscles which rotate the scapula and clavicles 
inwards and forwards, but the fixed point is the shell and not the ex- 
tremity ; this movement favours, though it does not necessitate, protrusion 
of the head and fore limbs and markedly enlarges the front p^rt of the 
body cavity. In a somewhat sinulaT way the pelvis is drawn bodily 
backwards and downwards, carrying with it the hind limbs. 

During normal expiration the tone of the inspiratory muscles relaxes 
and the air is expelled by contraction of the flat subcutaneous muscles 
of the body wall. If very deep expiration is called for {e.g. while breathing 
30 p.c. CO 2 ) accessory muscles of expiration rotate the shoulder girdle 
and pelvis in the reverse of the inspiratory directions. Such forced 
expiratory movements are accompanied by retraction of the head and ■ 
limbs, and may be repeated two or three times between successive 
apneuses (Fig. 1). 

The lungs being fixed aU along their dorsal surface to the inside of 
the carapace, it follows that while in the natural position, the weight 
of the other viscera dragging on the front of the lungs to which they are 
attached by peritoneal folds must tend towards inspiration. Since, 
however, the animal can breathe as fully while resting on its back, active 
muscular action must be the main inspiratory factor. During the 
inspiratory pause a strong negative pressure, of an intensity varying 
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in different apneuses, is maintained in the whole recording apparatus. 
Thus when excess of COj is administered, not only is expiration increased 
in depth, but the inspiratory negative pressure is also markedly exag- 
gerated even" when the animal is placed on its back. This could not 
occur if inspiration were passive in origin. In the dead tortoise, turning 
the animal on its back or pushing the limbs and head inwards produces, 
of course, expulsion of air, and the reverse conditions cause indrawing 
of air; but when alive the animal can move its head, tail, and limbs 
freely in all directions without producing cither expiratory or inspiratory 
air currents. 

Effect of section of the brain stem at various levels. By carefully chpping 
away the calavarium it is possible to expose the whole of the brain stem, 
which may then be divided at any desired level. The tissues are very 
delicate and must be cautiously dealt with it consistent results are to be 
obtained. 

Section down to just about the level of the middle of the fourth 
ventricle leaves respiration unaltered in type. 

Section below this level destroys first the power to maintain inspira- 
tory tonus, and expiratory movements alone occur. 

Section just above the apex of the calamus scriptorius abolishes 
expiratory manifestations and gasping may occur alone, but bleeding 
is so free that respiration very soon ceases altogether. The animal is 
now purely spinal and its bmb reflexes are much more rapid and powerful 
than usual. The heart continues to beat for some hours, but all spon- 
taneous and respiratory effects cease permanently. I never saw any 
evidence of the existence of spinal respiratory centres, though the move- 
ments of the limbs when reflexly elicited do produce some interchange 
of air. It is noteworthy that gasping is much less persistent and less 
commonly seen in tortoises than in mammals. The reason of this may 
be that a considerable amount of inspiration is maintained by. gravity; 
hence expiration becomes, when the tortoise is in extremis, more effective 
than inspiration. Thus, in the evolution of this animal, gasping, being 
useless, may have more or less failed to survive. 

Effects of ancESthetics. When a full hypodermic dose of chloral is 
given, e.g. J to 1 gm. to a large tortoise, the breathing gradually becomes 
very shallow and regular in- rhythm. Each breath is slowly effected 
but the frequency increases say to 6 per min. Sometimes it becomes 
intermittent, i.e. of periodic type, a dozen slow breaths may be taken, 
and then a pause of several minutes occurs before the next series of 
breaths. The animal is in a condition very much like hibernation. 

17-2 
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Voluntary movements cease and reflex movements are less easily evoked 
and less actively performed tkan normally. Chloroform has a rather 
difierent efiect, it affects the centres more clearly in order from above 
down. As the anesthesia gets deeper, first the power to maintain 
inspiratorv tonus disappears, then expiratory movements cease and 
finally pure, though slow, gasping movements may occur. Eecovery 
takes place in the reverse order (Fig. 1). 

Peripheral nervotcs influences. Strong vagal stimulation during either 
active inspiratory or expiratory movements inhibits them. There is 
not, however, anything very distinctive in this, for strong stimulation 



Fig. I. Bg. 2. 

Figs. 1 and 2. Inspiration Time tracing, 5 secs. Parallel lines =:basc line 

of atmospheric pressure. 

Fig. 1. Respiratory recovery after overdose of anesthetic. Top tracing, gasping. Middle 
tracing six minutes later, expiration recommences. Lowest tracing after 17 minutes, 
revival of apneusis. 

Fig. 2 . Top tracing, normal rapid breathing. Middle, after one hour on 30 p.c. COj. 
Lov^est, after one hour on pure Nj. 
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of other sensorj' nerves has a similar, though somewhat less pronounced 
effect. The vagi appear to have no tonic respiratory influence, for 
vagotomy does not affect either the rate or the depth of breathing. 
Stimulation of the fifth cranial nerves produces instant retraction of 
the head accompanied by active and complete expiration. 

Effect of + COg and — O^. If the anajsthetised or decerebrate animal 
breathes pure No the respiration becomes gradually more rapid. After 
an hour or so the maximal speed of say six breaths per minute may be 
attained; as exhaustion supervenes the breathing becomes slower again 
but may continue for three hours or more to be of normal t 3 rpe. Thereafter 
expiration first becomes spasmodic and almost convulsive while inspira- 
tory tonus no longer occurs : at this stage inspiration is mainly passive. 
Later still in some cases expiration ceases and inspiratory gasps alone 
occur, the mouth opening widely with each gasp. During dyspnoea due 
to Nj the respiratory movements, though more frequent, are but little 
deeper than usual (Fig. 2). 

Eespiration of an atmosphere composed of COj 20-30 p.c., Oj 30- 
40 p.o. and Nj 30-50 p.c., causes marked increase in the amplitude of 
the respiration and the frequency is slightly increased. Expiration 
becomes very active and spasmodic and inspiration is much deeper 
than normal. I have never seen any harmful effects even after three 
or four hours of such respiration (Fig. 2). 

Influence of heat and cold. If either of those is excessive (over 40“ C. 
or freezing) and suddenly applied, incoordinated reflex inspiratory and 
expiratory movements may occur instantly. But heat up to 40“ C. 
gradually applied and cold down to 10“ C. produce interesting and 
constant effects. If the tortoise is partially immersed in a bath of warm 
water at 37° G. it very gradually breathes quicker and quicker as its 
body temperature rises, and if it is now cooled with cold water the 
respiration becomes slow again or stops altogether. This is not, as might 
have been surmised, merely because the general metabolism has in- 
creased or diminished in activity proportionately with the body tem- 
perature. I found that exactly the same respiratory effects can be 
produced by varying the temperature of the blood going to the head by 
continually warming or cooling the neck; although the general body 
(rectal) temperature remains unaltered or is even made to vary inversely 
with the neck temperature. 

These effects are, perhaps, most strikingly seen in a chloralised 
tortoise breathing, as is usual, very feebly and regularly. Warming the 
neck to 37“ 0. produces (only after about three minutes) very marked 
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increase in the amplitude of breathing -with some increase also in fre- 
quency. If now the neck is cooled with cold tap water, the breathing 
slows and lessens, so that after two to four minutes it ceases altogether 
for 10 or 12 minutes. If the coolingis now stopped the respiration resumes 
the usual chloralised type. This experiment can be repeated as often as is 
desired and the results can be predicted with absolute certainty (Fig. 3). 



Fig. 3. Upi)er tracing, respiration after large dose of chloral. Lower tracing from same 
animal, effect of heating and cooling neck. At G cold was applied. Two minutes before 
tracing begins and at H heat was applied. Expiration up. Time tracing, 5 secs. 

So marked is this regulation with heat and cold that it overcomes 
any efiects due to variations in the gas inspired. Thus a tortoise breathing 
CO 2 30 p.c., N 2 70 p.c., breathes much slower if its neck is cooled than 
the same tortoise breathing O 2 50 p.c., N 2 50 p.c., when its neck is kept 
warmed to 37° C. In a particular instance a tortoise on oxygen, breathed 
normally once in every three minutes, when its neck was warmed with 
water at 37° C. , its respirations became two per minute. The oxygen 
■ was now replaced by CO 2 30 p.c., Ng 70 p.c., the breathing increased to 
three per minute. The neck was now cooled to 10° C., the breathing 
gradually became shallower and slower till only one breath was taken 
in four minutes. During the whole experiment the rectal temperature 
remained 18° C. 

From this observation it appears that warming the blood going to 
the head acts directly on the respiratory centres and not by increasing 
metabolism, for here the rate of breathing varies inversely as the variation 
which should have been produced by the gases inspired and which were 
such as increase or diminution of metabolism would produce. It would 
seem then that the respiration in tortoises is regulated more in accordance 
with the heat of the blood supplying its brain than in accordance with 
the nature of its metabolic needs or of the gas it inspires. Even when 
at the height of dyspnoea due to breathing — O 2 or -i- CO 2 the respiration 



CHELONIAN RESPIRATION. 


2G5 


can te markedly lessened and slowed or even stopped by cooling the neck. 
The cause of the respiratory increase due to heat is not the warmth of 
the air entering the lungs, for this may be warmed to 45° C., yet if the 
neck is cooled respiration will be slow. 

Semarls. The respiratory rhythm in a tortoise appears to depend 
primarily upon the temperature of the blood reaching the respiratory 
centres. Under normal conditions this will vary with the general body 
temperature and will be proportional to the atmospheric temperature. 

If the temperature is constant the respiration is regulated chiefly 
by the amount of COj in the blood which will vary with the activity of 
the animal and of its metabolism. The temperature is the coarse and 
COj the fine adjustment. 

The time (2-4 minutes) which elapses before heat or cold influences 
the respiration is much longer than is required for a nervous reflex 
from the skin of the neck or head; it is much shorter than the time 
required for metabolic needs to become effective in this animal, as is 
evidenced by its slow response to excess of COj or lack of O 2 . 

Since heating or cooling the inspired air does not appreciably alter 
the respiratory rhythm it may be concluded that the alteration of 
breathing produced by heating or cooling the neck is due to changes 
in the temperature of the cells composing the respiratory centres. 

Either local cold or warmth transmitted through the skull, or varia- 
tion in the temperature of the blood reaching the brain stem, appears 
to be an adequate stimulus in this direction, but the respiratory centres 
are much more readily influenced by way of the blood than by applying 
heat or cold to the skull, for if the neck is warmed while the head is 
cooled the respiration becomes rapid, conversely cooling the neck and 
warming the head lessens the breathing or temporarily stops it. 

The actual event determining the respiratory rate is the incidence 
of expiration, which occurs when the excitability of the expiratory centre 
has been raised by the COj passing through it, to a point at which it 
overcomes the existing inspiratory tonus. The instant expiration has 
taken place, the excitability of the expiratory centre is at its lowest and 
apneusis is resumed. 

The amplitude of the respiratory interchange depends in the tortoise 
as in mammals on the amount of COj in the blood stimulating more or 
less intensely the apneustio and expiratory centres. Lack of Oj is much 
less effective than excess of COj in this direction. 

In the evolutional scale reptilian respiration represents a very fair 
half-way stage between the fish gasping for breath when taken out of 
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the 'svater, and the highly developed mammalian respiratory mechanism. 
Between the gasping fish and the tortoise intermediate stages may be 
sought in amphibians and in the mud fishes. 

Conclusions. 

1 . The respiratory centres found in the tortoise are the gasping centre 
at the apex of the calamus scriptorius, the expiratory centre just above 
this and the apneustic centre about the level of the middle of the fourth 
ventricle. There is no evidence of the existence of a pneumotaxic centre 
in this animal. 

2. The vagi do not appear to have any tonic regulating efiect on the 
respiration in tortoises. 

3. The respiratory needs are so slight that under certain conditions 
a single inspiration may last for two to three hours. 

4. The respiratory rhythm is more powerfully affected by variations 
in the temperature of the cells composing the respiratory centres than 
by variations, in the activity of the general metabolic processes, or in 
the gases respired. "'Mien, however, the temperature is constant, the 
amoimt of COjin the blood appears to be the chief factor in the regulation 
of normal respiration. 
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THE MUTUAL INFLUENCE OF SECRETORY STIMULI 

IN THE SUBMAXILLARY GLAND OF THE CAT. 

By E. E. GOLDBNBEEG. 

(From the Physiological Laboratory, University of Odessa.) 

The importance of tie meaning of tie pienomenon estabUsied and 
called by Langley(l) “augmented Becrctiort” has incited me to investi- 
gate more accurately the mutual influence of any two secretory effects 
and also of some of the vasomotor effects in the submaxillary gland of 
the cat. 

Methods. Cats were aniesthetised with ether and chloroform and 
received an injection of 1 to 2 c.c. of 1 p.o. solution of hydrochloride of 
morphia. A cannula, connected with a graduated tubing, was inserted 
into the duct of the submaxUlaty gland. The chordo-lingual nerve and 
sympathetic in the neck on the corresponding side were out and placed 
on the fixed electrodes, connected with two induction coils. To measure 
the blood flow of the gland all the veins around the gland were tied. The 
blood drops fell from the incision made in the exteynal jugular vein, the 
central end of which was tied. The duration of each stimulation was 
usually 16 seconds. The secretion and the blood fiow were also measured, 
usually during each 15 seconds. 

Description of protocols andjigicres. In the protocols of the experiments 
and in the figures the quantity of saliva secreted is given in divisions of 
the graduated tube connected with the duct. In the protocols the num- 
bers in thick type show the periods of stimulation. All curves are con- 
structed so that not only the immediate effect of each stimulation was 
taken into account but the after effect also. 

Influence of two successive stimulations of the gland itself. The surface 
of the gland was laid open and the electrodes were applied to this part. 
The figures of Exp. 1 show that the effect of the second stimulation 
applied 30 seconds after the first is several times stronger than the effect 
of the first. 

Exp. 1. Glatid stimulated. Coil at 6 cm. 

4.25 p.m. Saliva secreted in each 16 secs. 1 , 2J, 0, B, 4J, 0, B, 61, 1 0 

6.20 Saliva each 16 secs. 21, 6. 1, 11, 6, 9 „ 

5.35 Saliva each 15 secs. Ij, 3, 0, 1^* 2 > 1» ^ 
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The stimulation of chorda tymfani after chorda iympani. Twosuccessive 
stimulations of the chorda were performed, the strength of the stimula- 
tion and the part of the nerve stimulated being the same. The intervals 
between two stimulations varied from 0 to 14 minutes, ^ach pair of 
these stimulations was divided from the following pair by an interval 
lasting from 12 to 15 minutes. As an example I give here Exp. 2. The 
arrangement of all other experiments was the same. Exp. 2 (Fig, 1) 
shows that the second stimulation reached its maximum efiect after an 
interval of 30 seconds. In from 8 to 10 minutes both stimulations gave 
practically the same results. 

Exp. 2. Chorda atimtilated. Coil =18 cm. Saliva flow noted each 15 sees. In this, as in the 
other experimenta, the periods o£ stimulation are in thick type. 

Interval 

0 secs. 1^, 5, 2, 0 divisions of graduated tubing 

15 „ 2, 7i, U, J, 0 

30 2|, 2, 0, 10, 2i, 0 

45 „ 2, 2, 0, 0, 8, 2, i, 0 

1mm. 2i, U, 0, 0, 0, 7^, 2, 0 

2 mins. 2, 1 j, 0 ... 6J, 2, 0 

4 „ 2, H, 0...4, 2, 0 

6 ., 14, 24, O...24, 2. 0 

8 „ 24, 14, 0...2, 14,0 

10 „ after the last stimulation 2, 2, 0 

12 .. .. 44, lb 0 

14 „ „ „ 14, 1, 0 



ig. 1. Stimulation of chorda after chorda. Cb. 1 ^average quantity of saliva secreted 
as the result of the first stimulation. Ch. 2= total quantity of saliva secreted as the 
result of each second stimulation. 


i. The influeuce of two successive stimulations of chorda upon the blood 


r)W through the vessels of the gland is only seen if the interval between 
w^timulations does not exceed one minute. The blood flow during the 
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second stimulation, os a rule, is greater than during tlie first stimulation. 
But the quantity of blood flowing through the vessels in the following 
16, seconds equalises the effect of both stimulations (Exp. 3). 

Exp. 3. Blood flow tlirough tlio vessels ot the gland. Chorda stimulalcd. Coil at 1C cm. 
Interval 

0 sec. 1, 0, 9, 18, 13, 8, 0, S, 3, 5, 5, 6, 4, 4, I, 1 drom of blood 

15 „ 1, 1, 6. 10, 6, 3, 3, 2, 3, 3, 3, 3. 3, I. 1, 1 

30 „ 1, 1, 1, 8, 17, 5. 14, 11, 2, 2, 2. 2, 2, 1, 2, 2, 2, 1, 1, 1 

1 min. 0, 1. 0, e, 10, 4, 2. 1, 9, 13, 4, 1, 2, 1, 0, 1 

3 „ 1, 1, 7, 9, 3, 2, 2, 2, 2, 2, 2, 1, 2. 1, 1, 5, 9. 2, 1, 3, 2, 2, 2, 2, 2, 1, 1 

6 „ 1, 1, 2, 6, 13, 3. 2, 2. 2 ... 1, 1, 6, 12, 3. 2, 2, 3, 3, 2, 2, 2, 1, 1 


Thus in the blood vessels the conjoint effect of two stimulations 
differs in a certain degree from that observed in the secretory cells. 

The stimulation of sympathetic 
after the sympathetic. In cases 
of the sympathetic nerve supra- 
fiminal orsuhliminal stimulations 
were always used. The second 
stimulation was more effective if 
the interval dividing it from the 
fimt did not exceed two minutes. 

The maximum effect is observed 
after an interval lasting 16 seconds 
(Eg. 2). 

As to the blood flow through 
the gland, we can see that succes- 
sive stimulations of sympathetic 
nerve influence one another if the 


HIm. 0 
Kg. 2. Stii 



Bjmpatbf 

secreted 

syinpathecie u uimodu uii. 

quantity of saliva secreted as the result of 

cveiy second stimulation of tho nerve. 


interval between them does not exceed 45 to 60 seconds (Exp. 4). 


Exp. 4. Blood floTV through tho blood vessels of tho gland. Sympathetic stimulated. 
Coil = llcin. 


Interval 
Osecs. 
15 „ 

30 „ 

1 min. 


I, 1, 2, 2, 1 

1. 1, 4, 1, 2. 

1, 0, 3, 2, 1, 

1, 0, 2, 3, 1, 


2 » 2 , 1 

1 . 1 

1. 0, 1. 3, 1. 


1 


A more pronounced successive inhibition of the blood flow after the 
second stimulation is to be seen here. More rarely, however, I noticed 
under the same conditions an increased blood flow through the gland. 

Stimulation of sympathetic after chorda. ThisisthccaseofLanglcy s 
“augmented secretion." The maximum secretory effect was obtained 
here as a result of immediate stimulation of the sympathetic after the 
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stimulation of chorda (interval = 0 sec.). This can be explained by 
summation of the sympathetic efiect with the after efiect of the chorda. 
Except this, the maximum secretory effect is reached here also when the 
interval between two successive stimulations is equal to between 30 secs, 
to .1 min. (Fig. 3). 



Kg. 3. Stimulation of eympathetio after chorda. Ch. = average quantity of saliva secreted 
by stimulating the chorda tympani, Sy. =total quantity of saliva secreted by each 
stimulation of sympathetic. 

Stimulation of chorda after the sympathetic. The stimulations apphed 
to the sympathetic in these cases were near to the threshold of excitation. 
Successive weak stimulation of the chorda tympani gave an increased 
secretion, which reached its maximum in 30 to 45 seconds after the 
stimulation of sympathetic nerve (Fig. 4), 

I also observed the increased effect of two simultaneous subliminal 
stimulations of chorda and sympathetic. These observations complete 
the data of Langley(2) who has seen the augmented secretion applying 
supraliminal stimulations to the chorda and subUminal stimulation to 
\the sympathetic. 

V- The length of the interval of the summation. There is a notable differ- 
ence in the duration of the influence which one secretory nerve produces 
\ipon another. If the chorda tympani is stimulated first the augmented 
secretion can be observed for a period of 8-10 minutes. In cases of 
primary stimulation of the sympathetic the increased effect cm be 
obtained only for 2-2J minutes. Two. explanations can be given of this 
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phenomenon: (1) the different action o£ parasympathetic and sympathetic 
innervation or (2) the different degree of excitation of the gland during 



Fig. 4. Stimulation ol chorda tympani after the sympathetic. Sy. i=averago quantity 
of secreted saliva -by stimulating tho sympathetic. Ch.=: total quantity of saliva 
secreted by each stimulation of chorda. 

the first stimulation. The foUotving experiments show that the second 
supposition sufficiently well explains the phenomena observed. As it 
was impossible to get a sufficiently large secretion by strong stimulation 
of the sympathetic, I used two successive weak stimulations of the chorda. 

In Exp. 5 the interval between the first and the second stimulation 
of the chorda was three minutes. But the strength of the first stimulation 
varied. Corresponding to this, the secretory effect of thesecond stimulation 
varied also. 

Exp. 5. 

Coil ... ... ... ... 18 cm. 19 cm. 20 cm. 21cm. 

Piist stimulation of chorda ... ... 3 1} 0 0 

Second stimulation of chorda after 3 mins. 7^ ^ i ^ 



Fig. 5. Stimulation of chorda after chorda. Ch. 2= total quantity of saliva secreted by 
every second stimulation of tho nerve. The effect of tho first stimulation was very 
sma^ 





SOME PECULIARITIES OF THE SYMPATHETIC 
INNERVATION OF THE SUBMAXILLARY 
GLAND OF THE CAT. By P. M. JURIST 
AND B. A. RABINOVICH. 

{From the Physiological LtAoratory, University of Odessa.) 

The comparative study of the ionervation of the salivary glands in 
different animals may throw a light on the meaning of the double nerve 
supply to these organs. Sin elniko v(i) has shown that the degeneration 
of the preganglionic secretory and vasomotor fibres of the sympathetic 
nerves to the submaxillary gland in the dog takes place in varying times. 
The vasomotor fibres lose their excitability in from three to four days 
after their section ; the secretory fibres are still active up to the sixth day. 
In young dogs and puppies the secretory fibres become completely 
inactive in from three to four days after section. 

At the suggestion of Prof. B. P. Babkin we repeated these experi- 
ments in cats in respect to the great difference in the action of the 
sympathetic nerve upon the submaxillary gland in both animals. The 
only indication we have foimd about the time of degeneration (three days) 
of the secretory sympathetic fibres to the submaxillary gland is in the 
cat in Bradford’s (2) paper. 

Methods. The aseptic operation of section of the cat’s sympathetic 
nerve in the neck was performed from 27 to 95 hours before the experi- 
ment. During the experiment the animal received either chloroform and 
ether and a subcutaneous injection of 1*0 to 1'6 c.c. of 1 p.c. solution 
of hydrochloride of morphia, or it was decerebrated. The chorda tympani 
was cut, a cannula introduced into the duct of the submaxillary gland 
and the blood vessels of the gland prepared in the usual manner for the 
observation of the blood flow. The sympathetic was stimulated by an 
induction current several times before and after the stimulation of the 
chorda tympani. 

From the table it can be seen that complete inactivity of both 
secretory and vasomotor fibres of the sympathetic occurs in from 38 to 
50 hours after the section of the nerve in the neck. Between the 41st 
and 48th hours there is a considerable weakening of both effects, but 
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tlie vasomotor fibres apparently lose their excitability a little earlier 
than the secretory fibres. 



Time after tho section 

Secretory 

Vasomotor 

Exp. 

of the sympathetic 

fibres 

fibres 

Juno 

ixV 

93 Iiours 

38 „ 

Inactive 

Unexamined 

o2 


Inactive 

Juno 

31 „ 

50 .. 

** 


Nov. 

48 „ 



Feb. 

47 

Feebly octive 

„ 

45 „ 

Feebly active 

Oct. 

41 „ 

Active 

Inactive 

„ 

32 „ 


Active 

June 

27 


Unexamined 


Thus in the cat the time of the loss of the excitability of both secre- 
tory and vasomotor preganglionic fibres is approximately the same. In 
the dog these times arc different; after the section of the nerve the vaso- 
motor fibres lose their excitability from 36 to 48 hours earlier than the 
secretory. 

Summary. 

The excitability of both sympathetic secretory and vasomotor fibres 
of the submaxillary gland of the oat after the section of the nerve in the 
neck is lost in from 41 to 48 hours. 
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SECRETION AS A FACTOR IN ELIMINATION BY THE 
BIRD'S KIDNEY. By E. B. MATES. 


Tee experiments on which the absorption theory of urinary secretion 
is based have been carried out for the most part on the amphibian and 
mammaJian kidney. In the bird, however, absorption of fluid is largely 
relegated to the cloaca, and it is of interest to determine whether any 
modification of the renal process is associated with this peculiarity. 

The kidney of the fowl is an elongated organ attached to the lower 
ribs; it is partially lobulated, and the ureter is formed by the junction 
of several tributaries embedded in the substance of the lobules. Micro- 
scopic examination, however, does not reveal any obvious structural 
departure from the mammalian t 3 '’pe. The ureters are thick-walled ducts 
which open into the cloaca just above its sphincter. The normal urine 
is serai-solid in consistence, owing to a deposit of uric acid or urates; it 
contains a large amount of mucous material, and is usually mixed with 
fseces. But when urine is collected from the ureters without having had 
access to the cloaca it is found to be fluid, though often somewhat slimy 
in character. Excretion is generally rapid, and the liquid is sometimes 
quite transparent but frequently contains flakes of deposit. The flow 
of urine is presumably reduced by anresthesia, with consequent increased 
absorption of water, and it is possible that under normal conditions uric 
acid is all in solution when it leaves the kidney. In any case, a great deal 
of water must be re-absorbed from the cloaca. 

Minkowski(i) has obtained evidence that the uric acid of birds is 
formed for the most part from ammonium lactate, which is probably an 
end-derivative of protein catabolism. Milroy(2) found more recently 
that when acid is given to fowls the output of ammonia is increased at 
the expense of uric acid. In the metabolism of the bird, therefore, unc 
acid occupies a position analogous to that of urea in mammals, as a 
waste product derived chiefly from exogenous protein; and the need for 
continuous excretion of this substance is evident. The bird, however, is 
at a disadvantage, since its chief waste product is relatively insoluble; 
and the curious excretory arrangement which it has developed may 
have been designed to overcome this difficulty. Whether uric acid is 
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eliminated by secretion or by glomerular filtration, it is unlikely to exist 
in tbc solid form in any cells of the kidney. Uric acid crystals have been 
observed in the tubule cells of the bird by v. ■\Vittich(3). A post-mortem 
change in the reaction of the cell fluid might, however, have caused 
precipitation of uric acid, and Binl(4) could find no trace of solid urate 
in these cells. The bird cannot afford to lose even the minimum amoimt 
of water in which the daily output of uric acid could be dissolved, and 
hence some device must be adopted for re-absorption of water. If 
concentration of uric acid in the renal tubules were not limited, sufficient 
deposit might be formed there to interfere seriously with excretion. This 
is prevented by rapid diuresis, and loss of water is avoided by cloacal 
re-absorption. Occasionally fowls under ether or urethane anaesthesia 
exhibit complete anuria, and no diuretic vpill induce the kidneys to resume 
their function. This may indicate blocking of the renal tubules, resulting 
from slow passages of urine; the condition, however, has not been 
investigated. 

The relative insolubility of uric acid, therefore, renders necessary 
continuous diuresis and re-absorption of water in the cloaca. It is not 
quite so clear whether any advantage would be gained by specific 
secretion of uric acid; but the possibility of this process in the bird 
deserves consideration. Sharpc(5) has found that adrenalin causes 
diuresis in fowls, and this is remarkable in view of its opposite effect 
in mammals. An increase in uric acid concentration may sometimes 
accompany the diuresis, and seems occasionally to occur with other 
diuretics also(e). This, too, is in contrast with mammalian excretion. 
The rapid elimination of fluid by the kidney, after injections of adrenalin, 
might be explained by supposing that local vaso-constriction is less 
complete or of shorter duration than that in other parts; the kidney 
would then obtain a good supply of blood at a higher pressure than usual. 
But a coincident increase in the concentration of uric acid seems to 
involve some secondary action on the renal cells ; more probably an effect 
of the greater filtration than a direct action of the diuretic. Such evidence 
as is available, therefore, does not indicate much resemblance between 
the renal processes of birds and mammals. 

Among methods employed to examine the action of the kidney in 
mammals twm appear to be of special value, namely, comparison of the 
increase in concentration experienced by several waste products dunng 
their excretion; and observation of the changes produced in the unne 
when its outflow is resisted. Some experiments have now been carried 
out in which these tests were applied to the excretory function of birds. 

18—2 
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Method. Cockerels were anaesthetised with ether or urethaae, and 
the ureters were exposed by an abdominal incision. Cannvilee were 
introduced and the urine collected. Sometimes, when the fluid was not 
quite clear, intravenous injections of adrenalin were given, until the 
flow was sufflciently rapid to prevent the formation of deposit. This 
was not invariably done, however, and urines which contained a deposit 
of urates are marked with an asterisk. Blood was taken from the sciatic 
artery. Clotting is slow unless contamination with tissue juice has 
occurred ; and as a rule no anti-coagulant was used, but the blood was 
collected in parafiined tubes, kept on ice, and centrifuged as soon as 
possible. The presence of oxalate or citrate is undesirable when certain 
colorimetric estimations are necessary. 

The concentrations of uric acid and phosphate in the plasma and urine 
were compared; in later experiments creatine, creatinine, and chloride 
were examined in the same way, and occasionally urea and ammonia 
also. Removal of blood wms postponed until sufficient urine had been 
obtained, in order that interference with excretion should be avoided. 
The collection of urine had, therefore, to be limited to a period during 
which the plasma remained fairly constant in composition. This con- 
dition appears to be fulfilled for intervals of at least 20 minutes. Thus, 
a particular sample of plasma contained 4-4 mgm. of uric acid and 
•3’4 mgm. of phosphate per 100 c.c. and a second sample from blood 
removed 20 minutes later contained 4'3 mgm. of uric acid and 3-0 mgm. 
of phosphate. Urine was generally collected for much shorter periods, 
however, since the amount required was often excreted in 1 to 5 minutes. 
Similar methods of analysis were employed for plasma and urine; the 
latter being diluted, when necessary, to about the same concentration 
as the former. Uric acid was estimated in the manner recently described 
by Benedict((); phosphate by Bell and Doisy’s method(8); creatine 
and creatinine by the method of Folin and Wu(9); chloride by Wet- 
mo r e ’ s application ofVoIhard’s procedure (lO) ; ammonia by the vacuum 
distillation process of Kruger, Reich and Schittenhelm(W); and urea 


in a similar manner, after hydrolysis with urease. _ • 

In three experiments the flow of urine from one kidney was resistec 
by using a long ureteral cannula which could be bent upwards to a 
vertical position. By this means pressures corresponding to a ou 
15-25 mm. of mercury were applied, and the concentrations of uric aci^^ 
and phosphate found in the urine were compared with those of nornw 


, urine excreted simultaneously by the other kidney. 

In several of the earlier experiments samples of plasma were 


\ 

\ 
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filtered, in order to test the difiusibility of the uric acid and phosphate 
which they contained; for if part were attached to colloids the failure 
to recognise this would invalidate comparisons of their ratios, 

since only the diffusible portions could be excreted. A protein-free fluid 
was obtained by filtration through small collodion tubes at a pressure 
of about 10 lbs. per sq. inch’. The first portion of the filtrate was rejected 
in order to avoid dilution. Examples are given in Table I of the con- 
centrations of uric acid and phosphate in several samples of plasma before 
and after filtration. 


Tablf I. JKgm per 100 c c. 

Uric acid Phosphate {P) 


Plasma 

Ultra-filtrate 

Plasma 

Ultra-filtrate 

34 

33 

24 

2 1 

4G 

' 4 9 

8 1 

54 

G7 

G8 

1-8 

15 

IG 1 

10 1 

56 

54 


These results show that the uric acid of fowls’ plasma, or that part 
of it which can be estimated in a tungstic acid filtrate, is able to pass 
through a collodion membrane. Most of the phosphate can pass through 
also; a small proportion may be adsorbed on the membrane, for oven 
dilute protein-free phosphate solutions of known strength appear to 
become w-eaker during filtration. There is, of course, no proof in either 
case that part is not attached to colloids removed by precipitation or 
filtration; but the precipitation methods employed evidently do not 
interfere with satisfactory measurement of the diffusible portions, and 
these alone are of importance in connection with excretion^. 

The figures given here and in other parts of this paper indicate that 
the plasma content both of uric acid and phosphate is subject to con- 
siderable variation. Eolin and Denis(J2l found 4-8 mgm. of unc acid 
in 100 c.c. of bird’s blood, and Robertson(6), using the same method, 
found 5-15 and O-lOmgm. Later, Folin and AVuO) obtained by their 
more recent procedure amounts varying from 2-5 to 3'8 mgm. per 100 c.c. 
Most of my own results fall within the somewhat wide range of those 
reported by other observers, but there is no doubt that, under aniesthesia 
‘ I am indebted to Dr Dale for suggesting the use of the centrifuge to remove air* 
bubbles from tubes filled with collodion; and also for pointing out that when the excess 
of collodion had been poured off 50 p c alcohol could bo introduced, without preliminary 
drying of the film. Suitable thimbles were made by this method m about 10 minutes 
* White (Amer. Joum PhystoJ. 65. p 200, 1923} assumes that because the phosphate 
of ox plasma is diffusible this is also true of dogs, and the discordant results \ihich he 
obtams when comparing normal phosphate excretion with the excretion of mjected phos- 
phate may be due to inclusion, in the former case, of phosphate attached to colloids 



280 


E. B. MAYRS. 


at any rate, the quantity of uric acid present may occasionally be much 
greater. The highest concentrations observed exceeded 16 mgm. per 
100 c.c. of plasma. 

For the purpose of this investigation, however, the absolute quantities 
of uric acid and phosphate are not of importance, since only their 
ratios are required. These were generally obtained by direct colorimetric 
comparison of tungstic acid filtrates from plasma with diluted urine to 
which the same reagents had been added. The actual amounts present 
were subsequently determined by means of standard solutions. On one 
occasion 20 c.c. per Irilo of 10 p.c. sodium sulphate were injected intra- • 
venously, and the concentration of this substance by the Iddney was 
compared with that of uric acid. The second table shows the results of 
this experiment, as well as of those dealing with uric acid and phosphate. 

Table II. 

Con- 

centration 



Vol. of 

Uric 

Uric acid 


Phosphate Phosphate 


of uric 


urine 

acid 

in urine 

Urine 

in plasma 

in urine 

Urine 

acid by- 


c.o. 

in plasma 

mgm. 

uric acid 

mgm. P 

mgm. P 

phosphate 

kidney 


per 

mgm. per 

per 

Plasma 

per 

per 

Plasma 

Phos- 

No. 

min. 

100 0.0. 

100 0.0. 

uric acid 

100 c.c. 

100C.C. 

phosphate phate=l 

1 

1-70 

4-4 

67-4 

15-3 

3-4 

90 

2-6 

6-9 

2 

•44* 

4-3 

269^8 

62-7 

3-2' 

36-5 

11-4 

5-5 

3 

•58 

3-4 

53^9 

15-9 

2-4 

6-9 

2-9 

5-5 

4 

•48* 

161 

327-9 

20-4 

5-6 

21-2 

3-8 

5-4 






Sulphate 

Sulphate 


Concentra- 






in plasma 

in urine 


tion of 






gm. 

gm. 

Urine 

uric acid 






Na^SOj 

NajSOi 

sulphate 

by kidney 






per 

per 

Plasma 

Sul- 






100 c.c. 

100 c.c. 

sulphate 

phate =1 

5 

•30 

6^4 

84-6 

13-2 

•62 

1-24 

2-0 

6-6 


It will be seen in Table II that the concentration ratio of uric 
acid is more than five times as high as that of phosphate, and more than 
six times as high as that of sulphate. If this means that uric acid is 
secreted, the constancy of these relations suggests that phosphate and 
sulphate are concentrated mainly by re-absorption of water. The possibility 
of secretion of phosphate will, however, be considered later. Experiments 
in which the urine contained a deposit can be criticised on the ground 
that solid material may accumulate for some time in the tubules and 
leave the kidney at intervals, thus producing a' sudden increase in the iiric 
acid content of the urine and rendering it useless as a measure of the 
concentrating power of the kidney. If this were so, the relation between 
the concentration ratios of uric acid and phosphate would not be uniform ; 
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but it is found that tbis relation remains the same whether deposit is 
pTOsent or not, so long, at least, as the flow of urine is not less rapid than 
those recorded. In other words, when the urine contains solid uric acid 
there is an equivalent rise in its phosphate content. Hence, there is 
reason to believe that no accumulation of uric acid in the tubules has 
occurred. 

The results obtained by applying a similar method of investigation 
to other constituents of the plasma and urine are grouped together in 
Table IIL‘ 

Tahle III. 


Vol.of 


Plasma concentrations 
m^m. per 100 c.c. 


Urif>o concenlratimw 
mgm. per 100 c.c. 



Urino 

Plasma 



urino 


Phos* 


Chl^ 


Phos- 


Chlo- 

' ' 




c.c.per Unc phat© Crea- 

Crea- ride 

Uric 

phate Crea- 

Crea- 

ride 

Uric 

Phos- Crea- 

Crea- 

Ch 

min. 

aad 


tine 

tinine (NaCl) 

acid 

(P) tine 

tinine (NaCl) 

acid 

phatc tine 

tinine 

rit 

•55 

8-6 

— 

G-4 

1-5 — 

124-8 

— 17*4 

4-1 



14-5 

— 2-7 

2-7 

_ 

•38 

6-1 

1*2 

5*1 

1-3 670-0 

197-9 

Nil 14-1 

3-9 

210 0 

32-4 

— 2-8 

30 

•3 

•68* 

— 

4-9 

. 4-0 

1-3 C90-0 

— 

36-5 22-5 

5-4 

20-0 

— 

7-4 5 6 

4-2 

•C 


Urea and ammonia are not included in this table, because the method 
of estimation employed was not found sufficiently delicate to give very 
accurate results with the quantities of plasma available. The total urea 
and ammoma nitrogen of the plasma does not appear to exceed 0-7 mgm. 
per 100 c.c. In urine collected from the ureters as much as 28 mgm. per 
100 c.c. inay bo present; in one sample four-fifths of the total was in 
the form of ammonia, but there is no evidence that this is always the 
case. At any rate urea and ammonia are only excreted in small amount 
by the bird, and are of relatively little importance. Table III shows that 
uric acid is the principal waste product in the urine. It is well known 
that creatine is largely excreted unchanged; the quantitative relation 
between this substance and creatinine is indicated in the table. Chloride 
is at a lower concentration in the urine than in the plasma, and the very 
limited excretion of chloride in Exp. 3 suggests that it may sometimes 
be absent from concentrated urines. Phosphates also may apparently 
he retained, for none could be detected in the urine of Exp. 2, when the 
plasma content ^as only 1*2 mgm. per 100 c.c. 

It is probable that this investigation has included all the important 
waste products excreted by the kidney of the bird, and the fact of most 
interest is that uric acid, during elimination, imdergoes a much greater 
increase in concentration than any other substance examined. Urea 
and ammonia may perhaps be exceptions; the results obtained in 
connection with excretion of nitrogen in these forms indicate that a 
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p]2ma possible. But in view of the statement by Davv(i3) 

that nearly all the ammonia of birds’ urine is in combination with uric 
acid, this observation is not of much value in deciding the mechanism 
of excretion; for the substances to be compared must obviously be 
independent of one another. Creatine and creatinine seem to be slightly 
inferior to phosphate as regards, the efficiency of their elimination. 
Chloride is not concentrated at all and is, therefore, of no interest for 
comparison. 

Uric acid, then, experiences a greater increase in concentration than 
any other substance which passes from the plasma into the urine. This 
can only be explained by admitting secretion pf uric acid, or by postu- 
lating extensive re-absorption of everything else. The secretion theory 
is, of course, much more probable, but these experiments furnish no 
evidence as to whether anything except uric acid is secreted. In any 
case, uric acid is in a class by itself; in the bird there is no group of 
substances which conforms to Cushny ’s definition of no-threshoId bodies. 

The figures given in Table III are of interest from another aspect. 
When the concentrations of the plasma and urine are calculated from 
a physical standpoint, it is clear that the fluid which leaves the kidney 
of the bird must be hypotonic. The total force exerted by the kidney in 
overcoming osmotic tension is, therefore, on the whole applied in a 
direction opposite to that which ordinarily characterises mammalian 
excretion. Chloride is, of course, the deciding factor, and since this 
substance may be almost absent from the urine, although it probably 
passes through Bowman’s capsule at plasma concentration, there is 
good reason to suppose that it is re-absorbed in the renal tubules. Hence 
it seems to be in re-absorption that the anomaly occurs; the mammal 
generally increases the osmotic pressure of the tubule fluid by absorption 
(since relatively little urea is absorbed), but the bird appears to reduce 
it by the same process. The hypotonicity is of importance in the analogy 
to other secretions which it suggests. 

Uric acid is excreted so efficiently that the amount lost by the plasma 
in the renal circulation is probably considerable. Water is eliminated 
also, and it is evident that an observed decrease in uric acid concentration 
carmot be so great as to represent the true loss of uric acid. However, 
an attempt was made to obtain blood from the renal veins for com- 
larison with arterial blood. This is difficult owing to the impossibility 

ligaturing other veins which communicate with the renal. The 
coi-ogastric vein lies on the anterior surface of the kidney, and is closely 
the vgtj to this surface throughout almost the entire length of the organ; 
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the renal blood is carried to this vein by vessels hich pierce its posterior 
wall as soon as they leave the kidney. The femoral vein is also a tnbutary 
of the hypogastric. Ultimately the renal circulation was isolated by 
tying the femoral vein and inserting a cannula into the proximal portion ; 
then enlarging the opening through which this vessel enters the abdomen 
and applying digital pressure to the hypogastric vein at the upper and 
lower poles of the kidney, with two fingers introduced through the 
opening. As soon as the upper point was compressed, renal venous blood 
was allowed to flow from the cannula, and was collected for a short penod. 
The circulation through the kidney is evidently slower than in mammals 
About 5 c.o. of venous blood were obtained m 2 or 3 minutes. Arterial 
blood taken from the sciatic artery in the usual way is the same as 
that which supplies the kidney. The arterial sample of plasma collected 
was found to contain 13-2 mgm. of uric acid per 100 c.c. and the venous 
sample 10-3 mgm. Hence, there was a loss of 3 mgm. per 100 c c without 
allowing for concentration of the blood by removal of water; or nearly 
a quarter of the uric acid brought to the kidney. When the concentration 
factor is considered the efficiency of excretion is still more evident. 

The remaining experiments deal with the effect of resisting the outflow 
of urine ; the method employed was quite simple, and has already been 
described. At first the pressure was applied to one ureter only, and the 
urine compared with that excreted normally by the other kidney But 
with no interference at all the minute volumes and concentrations of 
the urines from the two sides may be quite different, and the urine from 
either kidney is subject to rapid variations in character. In a later ex- 
periment, therefore, each kidney in turn was made to excrete against 
resistance, and comparison was thus possible with the fluid excreted before 
and after the period of pressure, as w'ell as with the normal output of 
the unresisted kidney during this period. The results are given in 
Table IV. 

Table IV. 



Vol of urine 
c e per mm 

Unc acid 
mgm jier 100 c c 

Phosphate 
mgm P per 100 c c 

No 

Normal 

Pressure 

Normal 

Pressure 

Normal 

Pressure 

1 

•48* 

•08 

327 9 

269 7 

212 

13 2 

2 (0) 

62 -70 

_ 

106 7 82 0 



14 8 14 6 

— 

(i) 

•18* 

■03* 

218 4 

229 9 

28 4 

35 3 

W 

•19* 

— 

605 6 

— 

157 

— 

3 (0) 

53* -15 



253 2 178 9 



17 0 10 6 

— 

(t) 

•40 

•10* 

207 5 

3614 

98 

32 3 

(0 

51 

_ 

346 8 

— 

18 8 

— 

Id) 

58 

08 

175 5 

232 6 

115 

11 3 

(e) 

1 17 


195 7 

— 

69 

— 
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and this may indicate that different groups of ceils are concerned in their 
secretion. 

(6) The urine is hypotonic, and in this respect resembles the product 
of a secreting gland. 

These considerations leave little doubt that the kidney of the bird 
can secrete. Re-absorption is possible also, although the use of the cloaca 
for this purpose renders the process less necessary than in the mammalian 
kidney. The effect of resistance in causing increased concentration of 
the urine seems to indicate that water can be absorbed from the renal 
tubules. Chloride and occasionally phosphate inay be re-absorbed, for 
the urine may contain less than the plasma. In Exp. 5, Table II, there 
was l-24r p.c. of sulphate in the urine. If any re-absorption of water 
occurred in this case (and it probably always occurs to some extent), 
the last stage of concentration was almost certainly attained by this 
process. Hence, the tubule cells can remove water against great osmotic 
resistsaee when tbef sre esUed to do so. 

Since birds and mammals have a common ancestry, it seems reasonable, 
at first sight,' to assume that if the kidney of the bird can secrete so also 
can the mammalian kidney; and to ignore the absence of satisfactory 
proof of secretion in the mammal. But there are serious objections to 
the analogy. None of the evidence of secretion obtained in this investiga^ 
tion is applicable to mammals, in which nearly all the observations 
described have already been made with opposite results. In the mammal 
several waste products (no-threshold bodies) experience an almost equal 
increase in concentration while they are being excreted, and hence are 
probably concentrated by re-absorption of water. The urine from the 
two kidneys is generally similar in amount, and when some difference 
does occur in the rate of excretion the concentration of no-threshold 
bodies is either the same on both sides or somewhat greater in the smaller 
volume. Evidently the rate at which glomerular filtrate flows through 
individual tubules is usually about the same in both Iddneys, and the 
e[uantity of urine is largely-determined by the number of excreting units 
in action. Roughly the same proportion of fluid is therefore re-absorbed 
in both cases. If secretion were possible, local variations in cell activity 
would probably occur, and produce results similar to those described in 
birds. Diuresis reduces the concentration of the urine in mammals, 
and a slow outflow causes increased concentration. When one kidney 
is excreting against pressure its urine is more concentrated than that of 
the other, as regards no-threshold constituents at any rate^. This is to 

^ The'^crepandes in the results obtained by difierent observers as regards the effects 
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be expected in the absence of secretion, since more time is allowed for 
the re-absorption of water The unne of mammals is nearly always 
hypertonic, for even when a considerable quantity of chloride is being 
retained the concentration of urea and no threshold bodies ensures 
hypertomcity In this characteristic the urine differs from most secretions 

In conclusion, then, it is clear that the bird has developed a distmctn c 
excretory mechamsm, m which selectnc re absorption by the kidnev 
plays only a minor part No great quantity is found m the urine of any 
substance which can offer osmotic resistance to concentration A 
relatively insoluble waste product is excreted in large amount, and the 
process involved would not necessarily be suitable for the excretion of 
soluble substances at a high concentration, such as the kidney of 
mammals can produce 

The earlier part of this work was earned out m the National Institute 
for Medical Itesearch, Hampstead It was completed m the Pharma 
cology Department of Edinburgh University, with the aid of a grant 
from the Moray Fund of that Institution 
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Sekies a. Pressures in kilos. The successive numbers give the results of successive 

stimulations. 


Exp. 1. 


With circulation 


Without circulation 


Median nerve 

Skin and deep 
tissues 

Deep tissues 
only (skin 
frozen) 

Skin and 
deep tissues 

— V 

Deep tissues 
only (skin 
frozen) 

Normal 

8, 8, 8, 8 

10, 10, 10 

10, 10, 10 

10, 10, 10 

Weak stim. ... 

6, 6, 5)-, (if 

.5, 5, 5 

6^, Of, Of, Of 

7,8,8 

Moderate stim. 

7.0,6 

7, 7, 7, 

0, 6 

10, 10, 9 

Strong stim 

82, 10, 9i, 81 10, 10 

9, 9, 10 

9. 11, 9, 10 

12, l.% 12 

Exp. 2. 

Normal 

8, 9, 10, 9, 8 

10, 10, 10 

7, 8, 7 

9, 9, 9 

Weak stim. ... 

01, 7, 6, 71 

61, 61. 6J, 7 

4i, 5i, 4i, 4i 

Of, 6, 61 

Moderate stim. 

4, 5, 4, 0, .7 

9, 9, 9 - 

Oh Of, Of, CJ 

10. 14, 11, 12 

Strong stim. ... 

— 

— 


__ 


Very strong stiimdation. Very strong nerve stimulation following a 
weak stimulation, increases the threshold for pressure pain and in some 
cases raises it above that present before the weak stimulus was applied. 
Thus in Exp. 1 pain was felt normally with a' pressure of 8 kgm., weak 
stimulation lowered it so that 6 kgm. was sufBcient to produce pain, 
whilst immediately after very strong nerve stimulation 9'3 kgm. was 
required. Similar results were obtained when the skin was anaesthetic 
and deep sensibility only left. The stimulation causes also very marked 
blanching of the sldn and, as with the weak stimulation, the question 
arises whether the changed sensibility is caused by the changed blood 
flow. In order to decide this the same method as with the weak stimula- 
tion was employed. The circulation was stopped by an arm bandage and 
during the cessation of the circulation the median nerve was stimulated 
with strong induction shocks, it caused a marked increase in the threshold 
for pressure pain. I conclude therefore that the decreased sensibility is 
not in the main due to vaso-constriction. 

Moderately strong nerve stimulation (i.e. currents, which whilst causing 
vigorous contraction, were comfortably borne). Paradic stimulation of 
this degree produced marked pallor and lowered the threshold, but it 
difiered in its effects from weak stimulation : 

(g) In causing in most cases a greater decrease of the threshold for 
pressure pain. This was especially as in Exp. 2. With weak stimulation 
a pressure of 6*5 to 7 kgm. was required whereas with moderately strong 
stimulation the pressure required was only 4 to 6 kgm. 

(b) In causing during cutaneous anmsthesia a less decrease of the 
threshold than is caused by weak stimulation. Thus in Exp. 3 during 
cutaneous anaesthesia weak stimulation reduced the pressure required 
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from 10 to 6J kgm., whilst moderately strong stimulation reduced it to 
9 kgm. only. 

It appears then that moderately strong stimulation increases skin 
sensibility much more than it increases deep sensibility. 

Since vascular changes do not accoimt for the changes in pressure 
pain sensibility caused by nerve stimulation some other explanation must 
be sought for. The explanation might conceivably lie in a change of 
conductivity of the nerve fibres in the stimulated region; whilst it is 
possible that some decrease of conductivity is caused by strong currents 
there does not seem to be any evidence that it can be increased by weak 
currents and it will be seen from what follows that there is evidence that 
the chief cause of the change in the threshold of pressure pain is a change 
in the central nervous system. 

The nerve stimulation necessarily sets up impulses which affect the 
central nervous system. Since afferent impulses set up on one side of 
the body readily affect the nerve centres of the opposite side, either 
exciting or inhibiting them, the state of the palm of the hand was noted 
on the opposite side to that on which the median nerve was stimulated. 
It was found that there were in general changes in the pressure pain 
sensibility on the opposite palm of the same nature as those produced 
on the stimulated side. With weak stimulation there was increased 
sensibility on the opposite side in five out of six cases, and on several 
occasions flushing was observed in the thenar region on the opposite 
hand to that stimulated, although this was never very marked. With 
strong stimulation on one side, the sensibibty on the opposite side 
diminished in five cases. 


Series B, Presaure in kilos. The successive numbers give the results of succe'ssive 
stimulations. 


Stimulus 

Right 

thenar 

Right 

hypo-thenar 

Left 

thenar 

Left 

hypo-thenar 

Normal 

S, 8b 8, 8 

9. 9J 

8, 8b 8 

8} 

Weak stim. ... 

G 

H 

4b 5b 5i 

6b 7i 

Aloderate stim. 

7 

7 

n 

8 

Strong Btim. ... 

10, 9 

10, 9, 9 

10, 9, 8 

8, 8, 9 

Exp. 2. 

Normal 

7. 7, 6i 

8, 7b 7 

8, 8, 7J 

8, 8, 7, n 

Weak stim. ... 

5, 5, 5 

G, 5b 5b 5 

6, 6b 5, 6 

0, 5^, 5J 

Moderate stim. 

6, C.6i 

6, 6i, G 

6, 6, 6 

6b Gi 

Strong stim. ... 

81,8 

8b 8, 8 

7b V 

9, 7b 7 


In some instances the strong stimulation caused pallor in both arms 
and widespread sweating; and in one subject there was the interesting 
result that the sweating both on the stimulated and on the opposite side 
PH. Lvm. 



INTERRELATION OF PARATHYROIDS, SUPRA- 
RENALS AND PANCREAS. Br G. A. CLARK. 


{From the Physiological Laboratory, Durham University 
College of Medicine, Newcastle-on-Tyne.) 

That the parathyroid glands have an influence on carbohydrate meta- 
bolism has been indicated by the experimental results of numerous 
workers, notably by Underhill and his associates (i), who showed that 
removal of the parathyroids brought about a hypoglyceemia with dis- 
appearance of liver glycogen. They consider that these conditions are 
neither the cause nor the effect of the tetany resulting from parathyroid- 
ectomy. It is well known that the guanidine content of the blood is 
increased after parathyroidectomy and also that administration of 
guanidine to the normal animal can produce symptoms similar to those 
of tetany (2), including profotmd changes in the blood-sugar. These 
blood-sugar changes have been investigated by Watanabe(3) who, 
using doses of guanidine sufficient to cause symptoms of tetany, showed 
that a single injection produced a hyperglyceemia, followed in about 
7 hours by a hypoglycemia. A second dose several days after the first 
resulted in a hyperglycemia without any subsequent lowering of blood- 
sugar, unless a lethal dose were administered, in which case hypo- 
glycemia was observed just before death. Glycosuria was not found. 
That guanidine may have a direct action on blood-sugar is suggested 
by the fact that guanidine salts added to dilute glucose solutions alter 
the ratio of the polarimeter value to the copper-reducing value as deter- 
mined by Bang’s method (4). 

The present investigation was begun to determine the effect of 
guanidine on the blood-sugar of rabbits, avoiding as far as possible the 
production of gross symptoms of tetany. The dose was therefore Umited 
to *1 gm. per Idlo. of body-weight. It should be noted, however, that 
Baton and Findlay have in some cases found this amount sufficient 
to cause an increase in electrical excitability in rabbits (2). Guanidine 
hydrochloride was injected in concentrated aqueous solution into the 
marginal vein of one ear, while blood for sugar estimation was obtained 
by vene ection from the opposite ear every hour or half-hour. The 
majority of animals showed no abnormal signs after an injection but 
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in a few cases shakiiig of the forepaws, movements indicating irritation 
of the mouth or nose and increased salivation were observed; on two 
occasions dyspnoea was present. In all cases the rabbits appeared 
normal at the end of an hour. None of the animals had food for 18 hours 
before an experiment. For the estimation of blood-sugar Bang’s old 
micro-method was used, a small platinum capsule, as in Calvert’s 
method (5), being utilised in which to collect and weigh the blood in place 
of the usual absorbent paper. This procedure shortened considerably 
the time required for each estimation. Before every experiment two and 
often three samples of blood were taken, at' intervals of half-an-hour, 
to determine the normal sugar content. Throughout the paper, unless 
otherwise stated, sugar values are given in mgms. per 100 mgms. of blood. 
In Fig. 1 is given one typical result from each of the first four series of 
experiments; a summary of other results is given at the end of the paper. 

Effect of a single dose of guanidine hydrochloride. A first injection of 
guanidine causes the blood-sugar to vary in an apparently erratic manner, 
but the curves depicting these variations show a certain similarity in 
that a rise occurs during the first hour, followed by a fall of varying 
duration. In two cases this fall is succeeded by a second rise; in ail there 
is a tendency to revert to the original level after 6 or 7 hours (Curve 1, 
Fig. 1). That conflicting factors were at work to produce these results 
is obvious and, as it is known that guanidine has a stimulating action on 
the sympathetic nervous system (8), it was reasonable to suppose that 
the hyperglycsemia was of the adrenaline type, Mioulicich(7) and 
Burn (8) showed that adrenaline hyperglycmmia is inhibited by ergo- 
toxine. In a second series of experiments, therefore, each rabbit was 
given a preliminary dose of 3 mgms. ergotamine tartrate, which has been 
shown by Dale and Spiro to have the same pharmacological action as 
ergotoxine (9). One hour later guanidine was injected and blood-sugar 
estimations carried out as before. An immediate fall in blood-sugar 
occurred and persisted in two animals for at least 7 hours (Curve 2, 
Fig. 1). In the tlurd case the normal level was regained after 31 hours. 

Effect of a second dose. Two rabbits received a second injection 
of guanidine alone, 10 weeks and 12 weeks respectively after the first. 
In both cases a hyperglycsemia resulted without any fall of the blood- 
sugar below normal and in one animal the original level was not regained 
for 25 hours (Curve 3, Fig. 1). That this hyperglycasmia is due to hyper- 
activity of the suptarenals or to a lowered threshold to stimuli pf the 
sympathetic system, brought about by the first dose, is suggested by the 
following experiments: Three rabbits received a dose of ergotamine 
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tartrate an hour before a second injection of guanidine, wbicb now pro- 
duced an immediate fall in blood-sugar, more abrupt than that seen 
after a first dose, but tbe normal level was regained in all cases after 
4^ bouts (Curve 4, Fig. 1). Ergotamine alone was not found to bave any 
marked influence on blood-sugar. 

That this return to normal was not due to waning of tbe ergotamine 
action on tbe sympathetic was shown by tbe fact that in one rabbit a 
second dose of ergotamine was given when tbe blood-sugar was at a 
minimum; no prolongation of-bypoglycsemia followed. Thus, if tbe 
normal supply of glucose from tbe bver is unavailable, guanidine pro- 
duces an immediate fall in blood-sugar. This is further illustrated by two 
experiments in which guanidine was administered after the supply of 
glycogen bad been depleted by starvation and tbe injection of strychnine 
on tbe day previous to that of tbe experiment. As will be seen from the 
following results, tbe hypoglycemia is less than that after ergotamine, 
probably because of tbe difficulty of ensuring complete exhaustion of the 
glycogen supply: 

Hours after 

injection 0 1 2 3 4 5 6 

No. 3 -150 -141 -133 -141 -140 -138 -139 

No. IS -155 -122 -116 -125 -135 -133 -130 




\ On the other band, as long as glycogen is available, guanidine will 
cause its bberation from tbe bver by sympathetic stimulation. It appears 
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from Watanabo’s work (3) and from tbe above results that this glyco- 
genolytic action is stronger than the hypoglycajmic action, so that, if 
guanidine is the cause of the low blood-sugar observed after para- 
thjnroidectomy, it con only be so when the liver no longer contains gly- 
cogen. 

Burns and Watson produced evidence to show that guanidine 
salts have a nicotine-like action on the vagus, first stimulating and later 
paralysing the fibres to the heart (lO). It is therefore reasonable to suppose 
that other branches of the vagus arc similarly affected. McCormick 
and O’Brien showed that it is possible to produce a lowering of blood- 
sugar in animals by stimidation of the right vagus, taking precautions 
to avoid cardio-inhibitory effects (U). The nerve supply to the islets of 
Langerhans is believed to come in large part from this nerve and the 
hypoglycemia resulting from its stimulation can be ascribed to liberation 
of insulin. It is possible to explain the hypoglycffimic action of guanidine 
m this way, and three experiments were carried out to determine this 
point. The rabbits were given 3 mgms. of ergotamine tartrate one hour 
before, and -lb mgm. of atropine sulphate intravenously 15 minutes 
before an injection of guanidine hydrochloride; -05 mgm. of atropine 
was' also given at the same time as the guanidine. From Fig. 2 it is seen 
that No. 19 showed no hypoglyctemia for IJ hours, and that the fall 
in blood-sugar occurring then is considerably less than that observed in 
parallel experiments without atropine (Curve 4, Fig. 1). A similar result 
Was obtained in No. 18. No. 21 was given a further injection of atropine 
sulphate (-16 mgm.) Ij hours after the guanidine, producing a slight rise 
in blood-sugar half-an-hour later, which, however, does not reach above 
the normal level. 

Effect of calcium on guanidine hypoglycamia. The administration of 
calcium relieves the symptoms of tetany after parathyroidectomy and 
Underhill and Blatherwick found that in dogs the accompanying 
hypoglycemia was also diminished(i2). Watanabe on the other hand 
was unable to restore the blood-sugar to normal by injections of calcium 
lactate during guanidine hypoglyccemia (I3;. In the present investigation 
calcium chloride was given intravenously, the animals having had 
ergotamine. Babbit 13 received 1 c.c. of a l-S p.c. solution at the same 
time as the guanidine; the resulting fall in blood-sugar (Fig. 3) is neither 
so abrupt nor so great as that seen without calcium (Curve 4, Fig. 1). 
Babbit 18 was given 2 c.c. with guanidine and the result is in this case 
a transient hyperglycsemia. In a third animal a similar dose of calcium 
was given during the guanidine bypoglycfemia, with the result that the 
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Hood-sugar regained its normal level witHn hours. Calcium alone 
after ergotamine was not found to have any effect on blood-sugar. 



Effect of parathyroid eoAract. The preparation used was the Para- 
thyroid Tablets 1/10 gr. (Armour). These were triturated with normal 
.saline and the fluid obtained after filtering or lightly centrifuging was 
given intravenously. Three rabbits were employed, ergotamine having 
been injected one hour before guanidine. No. 19 was given the extract 
from three tablets at the same time as a first dose of guanidine. The 
resulting hypoglycmmia appears to be accentuated rather than relieved 
(Fig. 4). In No. 3 the extract of four tablets with guanidine caused a 
more rapid fall in blood-sugar and a more rapid initial recovery, but 
complete recovery was somewhat delayed. The remaining rabbit was 
given two parathyroid tablets by mouth on the morning and evening 
of the day before the experiment, and also an intravenous injection of 
the extract of three tablets with the guanidine. In this case the fall in 
blood-sugar was delayed, and the recovery was similar in type to that 
of No. 3. The parathyroid extract employed was found to hav^ no 
influence on blood-sugar when given alone after ergotamine. 

Diseu-ssion. From the foregoing experiments it is seen that guanidine 
produces two effects, the first and more powerful being a stimulation 
of the sympathetic system causing a hyperglycmmia, which is probably 
^augmented by an increased production of adrenaline, and the second a 
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hypoglycsemia which can be explained by an increased liberation of 
insulin due to vagal stimulation. The action of a single injection of 
guanidine seems to render the sympathetic nerves more susceptible to 
further doses of guanidine. A similar sensitising action on the vagus is 
suggested by a comparison of Curves 2 and 4, Fig. 1. The fall in blood- 
sugar after a second injection of guanidine following ergotamine is 
greater and more rapid than that after a first injection and the equally 
rapid recovery in the former case may be due either to the supervention 
of vagal paralysis or to the fact that the whole of the available insulin 
has been discharged from the islets. That guanidine causes an increase 
in the ratio of polarimeter value to copper value when added to dilute 
glucose solutions in vitro has already been described (4). If it is possible 
to cause exhaustion of the islets by guanidine, it is evident that, because 
of the hyperglycmmia simultaneously produced by stimulation of the 
sympathetic system, a blood condition similar to that of diabetes will 
occur. This possibility is being investigated and the following experiment 
IS suggestive: A male rabbit was given five doses of guanidine over a 
period of 10 days. The animal’s weight fell from 2’4 to 2-1 kilos. Three 
days after the last injection the blood-sugar was found to be -ISS, the 
value at the beginning of the experiment being -ISS. The rabbit was 
killed and the blood-sugar extracted according to the method used by 
Winter and Smith (W). The initial polarimeter value of the extract 
was equivalent to -104 p.c. but fell to coincide with the Bang value at 
•056 p.c. after 38 hours. No sugar was detected in the urine. 

It is known that the sugar in diabetic blood is present in a form which 
cannot be readily utilised by the organism; the blood-sugar in adrenaline 
hyperglycsemia shows a similar ratio of polarimeter value to copper 
value (15). It may be inferred then that glucose as liberated from the 
liver must be altered in some way by insulin to render it readily assimil- 
able by the tissues, so that an increased glycogenolysis will need an 
increased production of insulin. It is of value therefore that the same 
factor which liberates gl ucose from the Uver should also control the supply 
of insulin. 

The apparently contradictory results obtained with parathyroid 
extract may be explained in the Ught of recent experiments by Winter 
and Smith, showing that parathyroid extract augments the action of 
insulin ( 16 ). The effect of parathyroid extract on the blood-sugar in 
guanidine hypoglycemia ■will be the resultant of its action on insulin 
and that on guanidine. 
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SUMMAEY. 

1 . Further evidence of sympathetic and paras 3 Tnpathetic stimulation 
by guanidine is ^ven. 

2. Guanidine appears to exert an action on the organism lasting at 
least 10 to 12 weeks, which alters the balance between glycogenolysis 
and the production of insulin. 

3. The antagonism between calcium and guanidine is illustrated. 

4. The results of parathyroid administration appear to show that, 
when given with guanidine, the extract augments the hypoglycsemia, 
but, given some time before, delays its onset. 

5. A possible factor in the etiology of diabetes is suggested. 

I wish to express my thanks to Professor Burns for much valuable 
criticism and assistance. 

The expenses of this research are covered by a grant from the Medical Research Council. 
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Results op EXPERntENTs not given in Fio. 1. 


FxTii dose o/ yuanWtne. 

Alone After ergotemine 


Hours after 



t 

Hours after 



injection 

No. 3 

No. 4 

injection 

No. 10 

No. 12 

0 

•110 

•125 

0 

•140 

■130 

1 

•136 

•184 

1 

•117 

•090 

U 

— . 

•161 

2 

•100 

•095 

2 

•122 

•143 

3 

■084 

•105 

3 

•090 

•240 

4 

•084 

•125 

4 

•100 

•216 

5 

•087 

•120 

5 

•103 

•185 

6 

•095 

■120 

G 

•117 

•100 

7 

•105 



7 

— 

•167 






Second dost of guanidine. 




No. 6 



No. 6 

No. 13 

0 

•165 


0 

•158 

•160 

1 

•176 


1 

•116 

■095 

2 

•100 


o 

•093 

•100 

3 

♦170 


3 

•120 

•105 

4 

•17G 


4 

•140 

•130 

5 

•188 


5 

•175 

•165 

6 

•195 


6 

•160 

•165 

7 

•180 


7 

•155 

— 


Out of 24 rabbits only ono was found in whicb it was impossible to produce hypogly- 
cemia by injection of guanidine after ergotamine or after exhausting the glycogen supply 
by starvation and strychnine. 



THE METABOLISM OF THE SALIVARY GLANDS. 

V . The Process of Reconstruction of the Submaxillary Gland. 
By G. V. ANREP and H. N. KHAN (Lahore). 

{From the Institute of Physiology, University College, London.) 

Pavlov, Yandell Henderson and Verchovsky have shovmthatin 
experiments on ansesthetised animals, ■with prolonged stimulation of the 
chorda tympaxd, the submaxillary gland excretes more nitrogen than 
it loses and that this excess of nitrogen is the greater the larger the 
secretion. The conclusion drawn was that the balance "was due to recon- 
struction of the gland. One of us repeated these experiments and found 
that the excess nitrogen can be fully accounted for by the non-protein 
nitrogen of the saliva and that the loss of nitrogen or reducing substance 
by the gland is always equal to the protein nitrogen and the reducing 
substance of the saliva (1,2). Thus no formation of protein cell substance 
could be detected. Most of what is known about the rate of reconstruction 
of an exhausted gland has been obtained by histological means. This 
communication reports some experiments on reconstruction performed 
with physiological methods. 

Mdhod. The dog which was used for these experiments weighed 
'20 kilos, at the beginning and 21*5 kilos, at the end of the experiments 
in sixteen months. A fistula of the left submaxillary duct and a gastric 
fistula were established three weeks before the commencement of the 
experiments. In each experiment, after a prolonged rest of the digestive 
organs the animal was placed in a stand, fed with small pieces of dried 
bread, and the saliva collected in measuring cylinders. The feeding 
continued for many hours, but in no case was tbe animal forced to take 
the food. At difierent intervals of time (generally once every hour), 
the gastric fistula was opened and aU the gastric contents removed. 
Distension of the stomach was thus prevented and the animal continued 
to eat for a very long time. The experiment generally had to be ter- , 
minated on account of muscular fatigue. Water to drink was given 
before and after the experiment; during the experiment water was 
injected through the gastric fistula directly into the stomach. 

The first 10 c.c. of saliva were always rejected in order to a'void any 
possible admixture of stagnant saliva. The subsequent secretiou was 
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usually collected in three or four portions; the first, about 30 c.o. at the 
beginning, then a large second portion, and a third, also about 30 c.c., 
at the end of the experiment : on some occasions this was followed by a 
similar fourth portion. The determinations made were : (1) total nitrogen, 
(2) non-protein nitrogen, (3) reducing substance in acid hydrolysates 
of the saliva, (4) and in some cases the protein nitrogen, in other cases 
the amount was calculated. The non-protein nitrogen was determined 
in filtrates of the saliva after precipitation of the proteins with alcohol. 
The reducing substance was determined as described by one of us in 
a previous communication ( 2 ). That partial exhaustion of the sub- 
maxillaiy gland can be obtained by prolonged feeding was first demon- 
strated by Volborth(3), and our interest was mainly directed to the 
phase of the reconstruction of the exhausted gland. It was postulated 
that the composition of saliva which is secreted in response to the same 
stimulus is a fair indication of the degree of the recovery of the gland. 
To determine the rate ol the -recovery 20 c.c. samples of saliva were 
collected at difierent times after the termination of the period of ex- 
haustion. To obtain the saliva the dog was again fed for short periods 
■with dried bread similar to that which was used for the exhaustion. 
10 c.c. of saliva wore in this case also rejected before the collection of 
the actual sample. The composition of these samples was compared with 
that of the first sample which was obtained at the beginning of the 
exhausting period and the gland was considered to have fuUy recovered 
when the samples reached the composition of the saliva before the 
exhaustion. Except for the small amount of dry bread which was given 
to collect the samples of saliva, the animal received food during the 
period of recovery through the gastric fistula only. 

The rate of recovery oi the glandular tissue has never yet been deter- 
mined, and as this was expected to be rapid, the collection of the post- 
exhaustion samples wms at first made at intervals of two hours. Only 
5 c.o. samples were collected, as it was thought that a collection of large 
samples at such short intervals might impede the process of recovery. 
It was soon found, however, that the reconstruction of the gland is a 
very slow process, so that the intervals between the samples could be 
prolonged to twelve and more hours: 30 c.c. of saliva (20 c.c. sample 
and 10 c.c. rejected) repeatedly secreted at such long intervals do not 
cause any exhaustion of the gland by themselves (Exp. 1). 

£!xp. 1. Four samples of saliva of 35 c.c. collected at intervals of 12 hours. 

Rate of secretion 0*8 1*12 0 9 1*0 

Total N, mgm. p.c. 74 70 72 74 
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Exp. 1, wMck’was repeated several times, shows no trace of exhaostion 
of the gland when the saliva is secreted at sufficiently long intervals. 
It shows, moreover, that small variations in the rate of secretion do not 
materially influence the composition of the saliva. In experiments with 
feeding it was found to be much more difficult to maintain a iiTtifnTrn 
rate of secretion than in experiments with direct stimulation of the 
- chorda tympani. Fortunately, however, even greater variations in the 
rate of the secretion, provided that samples were not very small, did 
not afiect the composition of the saliva to such an extent as to introduce 
an appreciable error in the experiments. Exp. 2 shows that the Heiden- 
hain phenomenon is not marked tmdet the conditions of the experiments. 
However, in none of the experiments did the rate of secretion fall to a half, 
Exp. 2. The four samples of saliva were collected at intervals of 10-12 hours. 


.c. of saliva 

Rate of 

Total N 2 mgm. 

collected 

secretion 

p.c. 

31 

0-39 

70 

38 

0-67 

74 

40 

0-93 

74 

40 

1-2 

78 


The exhaustion and, recovery of the normal gland. The composition of 
the submaxillary saliva varies with the difierent food substances; much 
care was therefore taken to ensure the same composition of the dry 
bread and especially with regard to its water content. Nevertheless the 
composition of the saliva which was secreted apparently under similar 
conditions did show some variations. In 63 determinations the protein 
nitrogen varied between 50 and 77 mgms. p.c. with a mean for all the 
determinations of 62 mgms. p.c.; the non-protein nitrogen — between 
10 and 16 with a mean of 11-5 ; the reducing substance — ^between 120-180 
with a mean of 142 mgms. p.c. The lower figures for protein nitrogen 
and for reduction were invariably obtained when the digestive tract of 
the dog was not kept at rest for a sufficiently long period. 

In sixteen experiments the period of exhaustion of the gland by 
prolonged feeding tanged from hours in the shortest experiment to 
8 hours in the longest. The total amount of saliva secreted varied with 
the length of the experiment: the smallest amount collected was 200 c.c. 
and the largest 375 c.c. The rate of the secretion in every experiment 
always slowed down towards the end, but in no case was it foimd to 
drop to a half. The following are a few typical examples. 


Total amount secreted 

224 

287 

293 298 



c.c. 

per minute 

Rate of secretion of first sample 

10 

1-03 

0-97 1-0 

Rate of secretion of last sample 

0-69 

0-8 

0-68 0-73 
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As the secretion proceeds, the saliva becomes poorer in protein 
nitrogen. The follomng tables give the results of nine experiments and 
of two experiments m greater detail. 


Protein Nj mgm p c 


Etp 

Saliva 

secreted 

Jlcan rate 
per nun 

^ A. 

Pirst 

sample 

V Total 

Last protein Nj 
sample secreted 

p c of 
exhaustion 

3 

247 

0 75 

53 

23 

63 

56 7 


4 

220 

0 50 

51 

21 

73 

58 8 


5 

296 

0G9 

57 

23 

65 

60 7 


G 

232 

0G9 

67 

21 

73 

68 6 


7 

217 

0 61 

50 

1C 

69 

69 0 


8 

293 

0 89 

73 

22 

88 

69 5 


9 

287 

0 79 

70 

21 

91 

70 0 


10 

293 

0 74 

G8 

11 

97 

83 8 


11 

320 

0 82 

77 

12 

103 

84 5 


Sample , . 


1 

Exp 4 

2 3 


Exp 12 

1 2 3 

4 

Saliva 0 c. 


30 

I6G 

30 


50 50 

50 

50 

Protein N. mgm 

_ P c ^ 

51 

31 

21 


53 60 

44 

28 

*1 ' 

11 

14 

17 


10 11 

14 

17 



124 

05 

44 

117 106 

66 

42 

• 1 

• • • N, 

20 

14 

1 1 


1 85 1 75 

1 1 

00 

PatiO reduction 

: protein N, 

24 

21 

21 


2 2 2 1 

1 5 

15 


The non-proteitt nitrogen was found in most of the experiments to 
increase slightly towards the end of the secretion This increase was not 
due to concentration of the blood; this was avoided by administration 
of water to the animal, as was shown by estimation of the hEemoglobin 
concentration in the bloods taken from the jugular vpin before and 
after the experiment. It is probably better explained by an increase in 
permeability of the glandular cells. One of us determined the non- 
protein nitrogen in the saliva secreted under the influence of a direct 
stimulation of the chorda tympani and found that the output of non- 
protein nitrogen remained constant throughout the secretion The total 
amount of saliva secreted was generally not much above 100 c.c , but 
in one experiment with a secretion of 200 c c there was also a nse in 
the concentration of the non-protein mtrogen. 

The concentration of the reducing substance falls as the secretion 
proceeds. The ratio reduction : total mtrogen drops on account of a 
relatively larger admixture of the non-protein mtrogen. The small drop 
in the ratio reduction : protein mtrogen suggests that the globuhns 
present in the submaxillary saliva are exhausted at a relatively slower 
rate than the mucin 

Recovery, The samples of saliva collected at 12-hourIy intervals after 
the end of the period of exhaustion were compared with the first sample 
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obtained at tbe beginning of tbe experiment. The recovery was considered 
complete when the saliva reached the composition of the latter (Exp. 13). 


Exp. 13. 
Non- 


Time of 

Saliva 

Protein 

protein 

Total 

Reducing 

D/.V of 

DjN of 
proteins 

collection 

o.c. 

Nj 


N, 

substance 

saliva 

Exhaustion 
32 mins. 

30 

70 

10 

80 

170-5 

2-1 

2-4 

5 his. 42 mins. 221 

38 

11 

49 

80-0 

1-6 

2-1 

41 mins. 

30 

11 

14 

25 

— 

— 

— 

Recovery. 
32 mins. 

Samples collected at intervals of 12 hours 

30 26 15 41 62-5 

1-5 

2-4 

29 „ 

30 

35 

10 

45 

80-0 

1-8 

2-2 

30 „ 

30 

46 

11 

.57 

— 





36 „ 

30 

55 

10 

65 

— 





35 „ 

30 

00 

10 

70 

145-0 

2-1 

2-4 

36 „ 

30 

65 

11 

76 

153-0 

2-0 

2-35 

34 „ 

30 

71 

11 

81 

173-8 

2-1 

2-45 


The experiments show that the recovery of the gland after a large 
secretion is slow and that the gland does not reach its normal state 
before the end of the third day. The less the exhaustion the greater is 
the completion of the recovery as illustrated by the following table. 


p.c. of c.vhaustion 

Amount , * 


Exp. 

of saliva 
secreted 

Total Nj 
secreted 

f 

At end of 
secretion 

12 

24 

36 

48 

00 hrs. 

14 

224 

51 

36-7 

24 

10 

2 

0 

— 

4 

226 

73 

58-8 

50 

— 

18 

12 

0 

7 

217 

09 

69 

50 

40 

28 

— 

0 

10 

293 

97 

83-8 

68-8 

49-7 

32-3 

29 

15 


Recovery of an atropinised gland. Section of the chorda tympani leads 
to atrophy of the submaxillary gland accompanied by paralytic secretion. 
If the secretory fibres of the chorda are those which are necessary for 
, maintenance of the gland in a normal state, then it might be thought 
\that they are also necessary for regulating the process of reconstruction 
^of the gland. We are unable to state whether a disuse atrophy of the 

I „„T gland can be produced by a prolonged paralysis of the 

nerves by atropine; but the process of reconstruction is cer- 
t retarded by injections of atropine. The experiments were 
1 in the following manner. After prolonged exhaustion of the 
lary gland the animal received an injection of a large dose of 
the injections were repeated at intervals of a few hours for 
bh of time found in the preceding experiments to be necessary 
" '•omplete recovery of the gland. During the time that the 
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animal was kept under atropine frequent tests were made to determine 
whether the gland was completely paralysed. The tests wore performed 
either by giving the animal a small piece of meat or by injecting a little 
0’25 p.c. HCl into the mouth. Pour separate attempts were successful 
in producing prolonged and complete paralysis of the gland. Twelve 
hours otter the last injection of atropine a sample of saliva was collected 
and compared with the composition of the saliva before the exhaustion. 
Preliminary experiments showed that atropine by itself does not affect 
the composition of the saliva wliich is secreted twelve hours later. The 
four successful experiments with atropine are summarised in the fol- 
lowing table: 

Protem Nj 


Exp. 

Saliva 

Protein N, 
before 

Protein N, 
after 

p.c. of 
exhaustion 

Hours 

under 

Atropmo 

used 

m sample 
12hrs. after 

in c.c. 

exhaustion 

exhaustion 

atropiue 

ingms. 

last injection 

15 

302 

70 

15 

78 

62 

182 

68 

16 

287 

G4 

25 

G1 

60 

320 

61 

17 

298 

08 

22 

08 

63 

660 

09 

18 

232 

67 

21 

69 

63 

700 

65 


These experiments were performed at intervals of ten to fourteen 
days. Nevertheless the increased tolerance of the secretory nerves to 
the drug was well marked, since four times ns much atropine had to 
be used to paralyse the gland in the fourth experiment. The experiments 
are definite in showing that the recovery is not impeded by paralysis 
of the secretory fibres of the chorda tympani. In 60 hours the gland 
was as completely recovered as in the experiments without atropine. The 
recovery of the reducing substance and the concentration of the non- 
protein nitrogen does not differ from those in the experiments without 
atropine. 

Exhaustion and recovery after extirpation of the superior cervical 
ganglion. The superior jjervical gangbon was extirpated together TOth 
a piece of the vago-sympathetic nerve about 4 cms. long. The experi- 
ments were resumed five weeks after the operation and continued for 
five months. Throughout this period the effects of the extirpation on 
the pupil and eye were well marked. MaIloizel(4,5) and Babkin(6) 
who studied the salivary secretion after extirpation of the superior 
cervical ganglion, found a small increase in the mucin content and solids 
of the saliva. In our experiments there was no change in the content 
of proteins or of mucin as judged by the reducing substance. However, 
our experiments differed from the above-named authors’ in that they 
examined the saliva very shortly after the extirpation, while we did 
it several weeks after. The only definite change observed was in the 
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concentratiott of the noa-protein Nj, which was doubled after the 
extirpation (cf. following data). 


Composition of 

Non-protein 

Protein 

Total 

Reducing 

B/N of 

saliva, mean figures 


N, 


substance 

proteins 

Before extupation 
{63 determinations) 

11-5 

62 

73-5 

U2 

2-29 

After extirpation 
(26 determinations) 

20-1 

60 

80-1 

134 

2-23 


During exhaustion of the gland after extirpation the only difference 
found was the greater rise in the concentration of the non-protein Nj 
as the secretion proceeded. Exp. 19 is a typical example of the exhaustion 
and recovery of the gland after the operation. 


Exp.' 19. 


Time of 

Saliva 

Protein Nj 

Non- 
protein N; 

Total Nj 

p.c. of 

coUeotion 

c.c. 

mgms. p.c. 

mgms. p.c. 

mgms. p.c. 

exhaustion 

29 mins. 

30 

60 

20 

SO 

0 

6 hrs. 5 mins. 

220 

24 

28 

52 

60 

40 mins. 

30 

7 

33 

40 

88 

Recovei-y. Samples collected at intervals of 12 hours. 
36 mins. 30 26 27 

53 

67 

31 „ 

30 

46 

20 

CG 

23 

39 „ 

30 

61 

20 

81 

0 


Other experiments did not differ in the main points from Exp. 19. The 
recovery of the gland after extirpation was found in every case to be 



Kg. 1. Exhaustion and recovery of the gland as measured by the composition of the 
saliva. Space between a and 6 — cases of normal recovery; shaded area — cases of 
recovery after extirpation of the superior cervical sympathetic gangh'on; X the 
recovery under atropine: coincides with normal recovery. 
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quicker than before extirpationi Wc believe that both tbe increase in 
the non-protein N. and the quicker recovery can be best explained by 
a relatively larger supply of blood to the gland on account of section of 
the vaso-constrictor fibres. 

The relative rates of recovery of the gland before and after extirpation 
of the ganglion are shown in the diagram. 

Summary. 

1. The recovery of an exhausted submaxillary gland has been 
studied under normal conditions. 

2. The recovery is a slow process: it takes about three days for the 
gland to recover completely after a large secretion. 

3. Paralysis of the secretory fibres of the chorda tympani by atropine 
does not influence the rate of recovery. 

4. The recovery of the gland after extirpation of the superior cervical 
ganglion is accelerated. 

3. An increase in the non-protein Nj occurs after the extirpation of 
the ganglion. 

0. The experiments performed do not support the theory that the 
sympathetic nerve has any “trophic” influence on the aubmaxillary 
gland under normal conditions. 

The expenses of tlus research were defrayed by a grant from the Medical Research 
Council held by one of us (G. V. A.). 
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THE NERVE FIBRE CONSTITUTION OF THE 
NERVES OF THE EYE. By M. NAKANISHI. 

(From the Physiological Laboratory, Cambridge.) 


The short ciliary nerves. 


It was shown by Bidder and Volkmann in 1842 that the nerve fibres 
running to and from the ciliary ganglion consist almost wholly of 
“ small ” nerve fibres. These small myelinated nerve fibres have generally 
been assumed to have no difierence worth noticing from the small 
myelinated fibres of other parts of the autonomic nervous system. But 
recently Langley (i) has described the short ciliary nerves of the cat in 
the one specimen in which he measured them as consisting chiefly of 
fibres 4-4*6p. in diameter, i.e. as being somewhat larger than the pre- 
ganglionic fibres of the other parts of the autonomic system. In view of 
this, I have made measurements of the size of the ciliary nerves of the 
cat and sheep proximally and distaUy of the ciliary ganglion. The nerves 
were fixed in their normal length with 1 p.c. osmic acid and left in it for • 
some hours. A portion was teased out in dilute glycerine; another 
portion was thoroughly washed, dehydrated, embedded in paraffin and 
cut. As a basis for comparison the cervical sympathetic of the cat from 
which the ciliary nerves were taken was in some cases treated with osmic 
’ acid in exactly the same way. 

No difference was found in the size of the fibres in the short ciliary 
nerves of the cat and the sheep, notwithstanding the difference in the 


size of the animals. In the teased specimens aU the fibres were between 
the limitsof 3'6-4-5 fi ; in thesections the great majority were also between 
3'6-4’5/i, but a few of 2-7/x were present. As fibres of 2'7yi, were not 


found in the teased specimens, their presence in the sections may have 
been due to shrinking of some of the 3'6p. fibres in dehydration and 
embedding in paraffin. In the 3rd nerve, a little proximally of the ciliary 
\ ganglion many fibres of 2*7-3*6/i and a few of 1’8/x are grouped together 
\just under the perineurium, other scattered small fibres are 3-5 /x or 6p. 

\ In the branch running to the cihaiy ganglion the fibres were also 
nearly all 2’7-3-6/i., only a few were l*8p.. In the cervical sympathetic 
of the cat, nearly all the fibres were 2*7-3‘7/x and there were a few 
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smaller ones, both in the sections and in the teased specimens. These 
three sets of fibres have very similar microscopical appearance. The 
results show that the preganglionic tectal fibres are of the same size 
as those of the sjmipathetic system, and that the postganglionic ciliary 
fibres are nearly all somewhat larger. 

In looking up previous accounts I find hardly any distinct statements 
of the size of the fibres running to and from the ciliary ganghon. In the 
3rd nerve the small nerve fibres are described by Gaskoll(2) in the dog, 
by Barratt(3) in man and by Koch(4) in man and dog as being 3/ito 
5p or 6^ in diameter. 6askell(2) says that the small fibres of the 3rd 
nerve run to the ciliary ganglion in the short root. This implies that the 
fibres of the short root ate 3-5/i in diameter, but GaskelliS) also says 
that they are similar to those in the anterior roots of the thoracic nerves 
— ^the diameter of which he gave os l-8-3-6p — and that the fibres of the 
short ciliary nerves are all very small and of uniform size. BarrattO) 
describes the short root of the ciliary ganglion as consisting of 3p, with 
a few 9/i fibres and that the fibres of the short ciliary nerves are mostly 
3-6 /i. Koch(4) mentions that not all of the 3-6 /i fibres of the 3rd nerve 
pass to the ciliary ganglion. 

Myelinated fibres of the muscle branches of the 3rd, iih and bth nerves. 

It was noticed early in investigation on the size of nerve fibres that 
the anterior roots of the spinal nerves contained many large nerve fibres 
which were not found in the hypoglossal or in the muscle branches of the 
vagus. Gaskell(5) generalised the results, stating that the large motor 
nerves to visceral muscle were 7'2-10-8;t in diameter and those to 
skeletal muscle were and upwards. Langley (i. p. 366) mentions 

that the fibresof 7-5-1 1 /x. though present are not numerous in the anterior 
roots of the spinal nerves. In the accounts of the ocular nerves by 
Gaskell and Barratt fibres between 6-11/i are not mentioned as 
occurring, though this may only mean that relatively very few of this 
size were found. Koch(4) mentions a few fibres of medium size in the 
4th nerve, but not in the 3rd and 6th nerves. 

I have investigated the nerves to the external rectus, internal rectus 
and superior obhq^ue muscles, i.e. a branch of the 3rd nerve, the 4th 
nerve and 6th nerve, in the cat and sheep. In all of these nerves I find 
fairly numerous fibres of 6-6-10-5/4 in diameter. I have roughly counted 
the intermediate fibres. I find them in the sheep to be about half as 
many as the larger fibres in all three nerves and in the cat to be in slightly 
greater proportion. I am unable, then, to confirm the previous accounts 
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as to the absence of fibres intermediate in size between the large and 
small. 

Graskell( 2 ), Barratt(3) and Kocb(4) class all fibres from 3/i to 5/x or 
6 /a as small fibres. Gaskell describes groups of suck fibres as being 
present in the 3rd nerve and 4tk nerve and a few suck fibres, but not in 
groups, as being present in tke 6tk nerve. Barratt and.Kock find no 
difference in tke relative number of “small” fibres in the 4th and 6th 
nerves, in eack tkey find that tke ratio of small to large is about 1 ; 3. 
Barratt finds tke same ratio in tke 3rd nerve, Koch a rather greater 
ratio. In tke peripheral branches of all three nerves, I find no essential 
difference in tke relative number of small fibres, in all tke ratio is about 
1:3. 

N on-myelinated fibres in the ocular nerves. 

Tke 6tk cranial nerve has long been known to receive branches from 
tke sjTupatketic (intercostal nerve) by way of the cavernous sinus. Tke 
4th and 3rd nerves have also been said to receive sympathetic fibres from 
tke plesus of tke sinus, but some observers have failed to find any. My 
observations have been made on tke non-myelinated nerve fibres in tke 
nerve branches near tke eye, in tke sheep. 




Kg. 2. 


Kg. 3. 


Kg, 1. a, fibres to vessels; b, branch of the 6th nerve to the retractor btdbi containing 
distinct non-myelmated fibres; h', occasional non-myelinated strand from the 6th 
nerve to the retractor bulbi nerve. 

Kg. 2. a, fibres to vessels; hjAraSchT of the frontal nerve sometimes containing non- 
myelinated fibres; of the long ciliary nerve (l.c.) containing non-myelinate 


• fibres. 

,3- ubres to vessels. 
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The 6th nerve, as known, has a fairly conspicuous bundle of non- 
myelinated fibres: these lie just under the perineurium. The majority 
supply the unstriated muscle of the retractor bulbi (Kg. 1). The 6th 
nerve, distally of the branch to the retractor bulbi and the 4th and the 
3rd nerves near their entrance into the muscles were teased out. In all 
specimens a few non-myelinated fibres were present either in small groups 
just under the perineurium or scattered in the perineurium. 

Prom the 6th, 4th and the branch of the 3rd to the internal rectus 
muscle some filaments of non-myelinated fibres left the nerve to run 
to the neighbouring vessels (Figs. 1-3). Non-myelinated fibres also 
pass to the eye by all the long ciliary nerves. Most of them can be traced 
to the neighbouring vessels. In the distribution of the nerves at the 
periphery there are some variations. Thus a branch of a long ciliary 
nerve, containing non-myelinated fibres may join the 6th nerve. Some- 
times the frontal nerve sends a filament containing non-myelinated 
fibres to the 4th nerve. 

Summary. 

Most of the postganglionic ciliary nerve fibres are somewhat larger 
(3'6-4'5ft) than the preganglionic fibres (about 3p). 

The nerves entering the ocular muscles have fibres of all sizes from 
3ft to about 17 p. The relative number of the fibres of difierent size is 
not very different, but the 3-6p fibres are rather fewer than either the 
6'5-10'5p or ll-17p fibres. The relative number of medium sized fibres 
is greater than in the anterior roots of the spinal nerves. 

The greater part of the non-myelinated fibres of the 6th nerve run 
to the retractor bulbi ; all the nerves entering the striated muscles have 
a few non-myelinated fibres; non-myelinated fibres also run to the eye 
by the long ciliary nerves: most of the non-myelinated fibres can be 
traced to blood vessels. 

I am greatly indebted to Prof. Langley for his kind suggestion and 
advice during the course of the work. 
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THE MAXIMUM REALISABLE WORK OF THE 
FLEXORS OF THE ELBOW. By T. E. HANSEK 
ANB J. LIND HARD. 


{From ike Laboratory for the Physiology of Crymnmtios, 
University of Copenhagen.) 

In Ms paper on tlie maximum, work of Wman muscles{i) A. V. Hill 
proposes ‘‘to adopt tlie term ‘realisable maximum work/ and the 
symbol W, to mean the maximum work obtainable by any actual ex- 
perimental means, from a contraction of any given duration; and the 
term ‘theoretical maximum work/ and the symbol Wq, to mean the 
mechanical potential energy set free.,,.” . These terms have been 
adopted by Lupton in his first paper on this subject(3) and also by 
HansenaadLindhard{3). The theoretical maximum can be determined 
by means of the stress-strain diagram as described by Hill in previous 
papers, and Hansen and Lindhard have devised a method, by the 
aid of which Wq as defined above can be ascertained in man. Hill 
himself and Lupton have adopted another method. These two methods 
do not give consistent results, the first giving considerably higher figures 
than does the latter. Starting from the supposition that Wq" W -i- (the 
mechanical energy degraded in the rapid change of form), and, that this 
waste of energy is a simple function of the contraction time t, Hill 
determines Wq as the asymptote to the curve obtained, when W is 
plotted against the "equivalent masses.” The figmes concerned are 
found to obey the equation W ~W(f~ hjui), or, in a more convenient 
form, W ~ Wq (I ~ hfi) (4), where il; is a constant depending on the 
internal friction of the muscle. Hansen and Lindhard assume, that 
the disagreement is due to a sort of fatigue coming on very soon, when 
contraction is maximal, and increasing with time, and Hill admits, that 
this supposition would explain the experimental facts, but he seems more 
disposed to seek for other causes: inertia of the dynamometer or some 
, sort of nervous inhibition when working on the wheel(5). The first of 
^ these possibifities is, with regard to the construction of the dynamometer, 
^ quite out of question, and the second is a priori very improbable. The 
Pjpull is, when determining performed in quite the same manner as 
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it is when determing W. Indeed, all the experimental facts brought 
forward lead to the assumption that the theoretical maximum work 
cannot be determined as done by Hill in his recent papers. To do away 
with the discrepancies by changing the definitions as done by Lupton(O) 
is no advantage. Lupton denotes as the maximum realisable work, 
but what then is IT? Certainly, Lupton might define IFo as the ma.ximal 
“maximum realisable work,” but then it still remains to show that this 
is equal to the “theoretical maximum” as defined by Hill. Hill and 
Lupton lay special stress on the fact that their results obtained on man 
agree with the results obtained by Hartree and Hill on frog’s muscle 
and also with the theoretical considerations of Hill. But this fact does 
not justify their conclusions. It is well known that if we consider a short 
part of a curve only, it may approximately obey more than one equation; 
the discrepancies will become obvious, however, when the curve is 
continued. If the assumption of Hansen and Lindhard, that a steadily 
increasing fatigue-factor is at work in the determinations of W, is main- 
tainable, it must be claimed that the curve obtained, when plotting W 
against the “equivalent masses,” should not rise continually but at 
some or other definite value of the load bend down towards the abscissa, 
being zero, when the subject cannot turn the wheel at all. To test this 
point it would be desirable to have still larger “ equivalent masses ” than 
used even by Hansen and Lindhard, but the same goal can be reached 
when experimenting on subjects of inferior strength. It is of course a 
necessary condition that the subjects concerned are intelligent enough 
to be able to maintain a real maximal contraction throughout the pull; 
otherwise the results may be quite irregular. 

AVe have with two young gids and an adult female subject obtained 



the results shown in Fig. 1, where W is plotted against the equivalent 
masses.” ' 

The points determining the curves represent the averages of 5, 6 and 




VARIATION OF CAPILLARY DIAMETER AND 
ANTIDROMIC ACTION IN THE FROG. 

By SOROKU OINUMA. 


{From the Physiological Laboratory, Cambridge.) 

Since tlie date of Strieker’s description of independent contractility- 
in the capillaries of the excised nictitating membrane of the frog, capillary 
contractility has been afl&rmed by several investigators. A summary 
of the previous -work has recently been given both by Krogh(i) and by 
Langley (2) so that I need not give it here. The conclusiveness of the 
evidence that a decrease of capillary diameter is due to active contraction 
is greatly dependent, in the ordinary conditions of the circulation, upon 
a knowledge of the degree to which the diameter varies with arterial 
pressure. It was to determine this question that my observations were 
begun; they have been extended to some other controversial questions. 

Method. In all experiments the cerebral hemispheres were destroyed 
and a small dose of curari given; The capillaries were observed under a 
microscope with 200 or 400 magnification and ocular-micrometer. 
Observations on spontaneous variations in diameter were made, and on 
the same or following day the posterior roots of the lower nerves were 
prepared for stimulation, the cord cut above the 7th spinal root, and 
the part below excised. If the frog is kept cold and moist after such 
operation it may survive four to fi.ve days with good circulation. Observa- 
tions were made both on spontaneous variations and on the efiect of 
s-timulating the posterior roots on more than ten frogs each of them 
allowing many series of observations. 

Concurrent variations in the diameter of arteries and capillaries. The 
earlier observers took for granted that contraction of arteries in one region 
of the body would cause dilatation of both arteries and capillaries m 
the regions with uncontracted vessels. Doubt was thrown on the degree 
to which this occurred by the observation of Roy and Graham Brown(3) 
that extra-capillary pressure caused very little variation in the diameter 
of capillaries. From this and other results they concluded that the 
diameter of the capHlaries depended mainly on their intrinsic tone. 
Instances of vascular dilatation caused by increased arterial pressure 
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were given by Langley (4), but be stated that increased rate of circulation 
was generally more obvious than dilatation of vessels. Krogb(5), as 
Boy and Graham Brown, came to the conclusion that capillary 
diameter was very little affected by arterial blood-pressure. 

In the many observations I have made on spontaneous variations, I 
have found definitely independent contraction in two cases only and then 
only in two capillaries. In the first case, a part of a capillary contracted 
from 26 /i to 6 and a spindle-shaped bulge formed just centrally of it. 
Circulation ceased just after this contraction. In the second case a 
capillary of 19-2 p diameter contracted to 13 /r. Circulation was good. 
This capillary was the last branch of the trunk of an arteriole, which 
had sent off many side branches. None of these side branches showed 
any contraction. 

In the other cases, and in all the circulation was good, there was a 
variable increase or decrease of the diameter of capillaries but this always 
corresponded with increase or decrease of arteriole diameter. The follow- 
ing is a marked example of variation of capillary diameter. 

Exp. 1. 


le of obs. 

Arteriole 
diam. in 

Percentage 

variation 

Capillary 
dtam. in n 

Percentage 

variation 

3.61 

33 


13*2 

— 

3.53 

33 


13*2 

— 

3.65 

40 

+39 

20*6 

+ 100 

3.68 

40 

-13 

20-0 

- 24-6 


If there was no variation in the diameter of the arterioles, then the 
capillaries showed no variation of their size. 

In order to determine further the effect of variation of blood-pressure 
on capillary diameter, experiments were made in two ways : 

(o) A loose thread was passed round the femoral artery, or the 
abdominal aorta, and the circulation through the artery was stopped by 
pulling up the thread. After compression of the femoral artery a very 
slow circulation usually remained in the web. If the circulation before 
compression was very good, there was, on compression, a slight diminu- 
tion of the diameter of capillaries which returned to the former size when 
blood was allowed to flow again through the artery. The diminution 
was, however, usually less than that observed in the spontaneous varia- 
tions. 


Exp. 2. 


Before compression 
Artery compressed 
Compression ofi 


Size of capillary in p 


(«) 

230 

19-8 (-14%) 
230 


(t) 

19-8 

13-2 (-33 %) 
26 4 
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(b) The middle of the thigh was gradually compressed with the finger. 
By this means the vein was closed without closing the artery. The 
calibre both of arteries and capillaries increased. 


Ezp. 3. 


Size of arteriole 

Before compression — 

Vein compressed • — 


Before compression 38-5 

Vein compressed 48-5 


Size of capillaries 

<■ * > 

(a) (6) 

25-0 160 

37-5 22-5 

(c) 

150 

19-2 


With regard to the compression experiment it must be remembered 
that arterioles and capillaries dilate as the result of cutting off the supply 
of blood. In one of my experiments with compression of the abdominal 
aorta in which the circulation in the web completely stopped, the 
dilatation of arterioles and capillaries began 1 min, after compression 
and attained a maximum after 2 mins. 

The results given above show, I think, that, as a rule, in the given 
conditions, arteriole variation is accompanied by capillary variation of 
the same sign, i.e. that, as a rule, the diameter of the capillaries varies 
with the blood-pressure. A given arteriole variation in diameter, is 
however, accompanied in different conditions by different degrees of 
capillary change. In fact, as I have to mention presently, I have not 
found any distinct dilatation of capillaries to accompany the arteriole 
dilatation produced by posterior root stimulation, and sometimes there 
was no decrease of capillary size during reflex arterfal contraction, and 
further it is known that complete occlusion of the arteries does not 
cause collapse of the capillaries. 

Effect of brushing the xoeb. Krogh(6) found contraction of part of a 
capillary on local mechanical stimulation. This local effect I have not 
investigated, but I made some observations on the effect of brushing the 
web with a brush moistened with Ringer’s fluid. This readily caused 
strong contraction of the arterioles. The capillaries decreased somewhat 
in size, but the decrease was slight and was equal in the whole area of 
the capillaries observed. No evidence of independent capillary con- 
tractility was obtained. The arteriole contraction was not reflex, for it 
was obtained after section of the sciatic. It was apparently caused by 
direct stimulation of the muscle coat, for it was obtained after applying 
cocaine to the web. I conclude that mechanical stimulation of moderate 
strength does not directly affect capillary diameter. 

Innervation of capillaries. Steinach and Kahn{T) found that some 
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capillaries in the frog's nictitating membrane can be brought to complete 
obliteration by stimulation of sympathetic fibres. Krogh and his co- 
workers (8) found also that stimulation of the lower ganglion of the 
sympathetic chain brings about a constriction first of arteries and a few 
seconds later also of the capillaries of the web. They believe that every 
Rouget cell which surrounds a capillary js supplied by a sympathetic 
nerve fibre capable of causing contraction of the cell and so constriction 
of the capillary. I investigated the question in the following ways. 

After cutting both -roots of the 7th, 8th and 9th spinal nerves close 
to the cord, the spinal cord was cut just above the level of the 7th spinal 
nerve and the part caudal of the section was excised. Then, observing 
the web under the microscope, I pinched the flank of the same side. 
Reflex arterial contraction was always produced but the capillaries were 
usually only slightly affected and sometimes not at all. 

Size of arteriole Size of capillary 


Exp. 4. Before pinching . 46*0/1 12*8/i 

Pinching of flank Contract 9*0 

Exp. 5. Befpre pinching 53*0 13*2 

Pinching of flank 39*6 13*2 


In these oases the nervous impulses causing vaso-oonstriction leave 
the cord by the upper rami communicantes, pass down the sympathetic 
chain and reach the sciatic nerve by the lower rami communicantes. 

I tried also direct electrical stimnlation of the upper part of the cord 
after removal of the lower part; it caused greater contraction of arterioles 
than that produced reflexly. In one experiment out of ten local con- 
striction occurred in a few capillaries (see Exp. C). 

Exp. 6. Size of capiHaries 

(a) (6? 

Before stimulation 9*6/1 16 0/i 

Spinal cord Btimulated 3*2 ( — 67%) 9*6 (-40%) 

Ajtor stimulation — 22*4 

In other cases there were only variations concomitant with that of 
the arterioles. These variations did not take place at a particular point 
of a capillary, as they did in Exp. 6, but occurred along its whole length. 
The following two examples show the usual range of variation. 

Exp. 7. 


Before stimulation 
Stimulation of spihal cord 


Size of capillaries 
> - 

(a) (6) 

19-8n 128;, 

lS-2(-33%) 0-0 (-25%) 
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Stimulaiim of •posterior roots. Doi(9) found dilatation of arterioles as 
well as of capillaries in the web on stimulating the posterior roots. After 
dilating the arterioles by injecting acetyl-cholin the posterior roots caused . 
dilatation of the capillaries only, and Doi concluded that the dilatation 
of the capillaries was due to a direct effect upon them. Krogh and his 
co-workers (8) confirmed this result. Twelve years ago I tried the anti- 
dromic action of posterior roots on the frog’s web without success. 
Possibly the failure was due to the outspread of the stimulating current 
to the spinal cord. In my present experiments, stimulation of the 
posterior roots on frogs from which the hinder half of the spinal cord had 
been excised, always caused distinct dilatation of arterioles. I did not 
find any dilatation of capUiaries, but it happened that in the experiments 
in which the arteriole dilatation was most marked, my attention was given 
to this and not to the effect on the capillaries. Antidromic action on 
capillaries was also absent so far as I could see in the experiments to be 
mentioned presently on the skin of the back and on the tongue. 

affect of sortie drugs upon capillaries. Krogh(6) describes the applica- 
tion of 0*1 p.c. adrenaline to the tongue of the green frog as causing 
capillary dilatation accompanied usually by dilatation of most of the 
smaller arteries. In the web, he founda, p. 136) that adrenalin had no 
effect on the capillaries. In my experiments the application of 0-1 p.c. 
adrenaline to the frog’s web caused such distinct contraction of arterioles 
that they sometimes closed completely and if the adrenaline was not 
washed off, its action continued for a very long time. The capillaries, 
on the contrary, dilate. There isj however, a preliminary contraction 
which may be due to the fall of blood-pressure by the contraction of 
arterioles. Capillary dilatation occtus usually during contraction of 
arterioles, and as a result of the contraction a dilated capillary is some- 
times quite free from blood corpuscles, and sometimes congested further 
by blood streaming back from the vein. The result shows that if there 
are sympathetic constrictor nerve endings in the capillaries, adrenaline 
does not stimulate them. 

8. Diameter of capillaries in /i 

, > 

(a) (b) (c) 

Before application 19'8 26-5 19'8 

Adrenaline applied ... ... 26-5 39‘5 26‘5 

Blood streaming back from rein 33'0 — — 

Application of 0-1 p.c. histamin to the web had no effect either on 
arterioles or capillaries. Krogh(6) describes also inactivity of histamin 
on the blood-vessels of the frog’s web. 



CAPILLARY DIAMETER 


323 


It IS well known tkat local application of mustard oil causes distinct 
dilatation of arterioles and capillaries I confirmed this on the frog’s web 
and found an exact correspondence between the variation in the capillaries 
and that in the arterioles 

/ Fxp 0 Size in of 


Time of observation 

Artonole 

Capillary 

360 

39 5 

19 8 

3 61* 

33 0 

132 

3 63 

33 0 

132 

3 55 

46 0 

’6 ') 

3 68 

40 0 

20 0 


* One drop of mustard oil on the neb 


Mechanism of antuhomic action on arterioles As I have said above, 
I always found in this senes of experiments that dilatation of arterioles 
was caused by stimulation of the peripheral end of the postenor roots 
The extent of the dilatation is illustrated in E\ps 10 and 11 


Exp 10 

Before stimulation 
Stimulation of 8th posterior root^i 
After stimulation 


Diameter of arterioles in p 


(c) (6) (c) 

46 0 10 8 19 8 

630( + 15%) 2b5{+22%) 330(+40%) 
46 0 10 8 30 4 


Fxp 11 (a) 

Before stimuiation 19 8 

Stimulation of 8th and OtJi posterior roots 330( + 40%) 
After stimulation 19 8 


{M (c) 

13 2 22 6 

108(+33%) 320(+205Oo) 
13 2 22 5 


As these figures show, the maximal increase of diameter was 40 p c , 
the minimum 15 p c , the average of eight cases was 28 p c The response 
begins, m good condition of the frog, m 10 seconds from the beginmng 
of a faradisation lasting 15 to 30 seconds, and reaches its maximum 
dunng stimulation If the animal is not very excitable, the response 
appears one to two minutes after cessation of stimulation The currents 
were of a strength which caused a distinct pricking sensation on the tip 
of the tongue Cooling of the web with ice prolongs the latent period of 
response In one experiment with cooled web, the dilatation began in 
10 seconds and reached its maximum 20 seconds after cessation of the 
stimulus 

The use of curan prevented recognition of escape of current to the 
anterior roots The anterior roots of the 9th and sometimes those of the 
8th nerve cause contraction of the bladder and cloaca Although it is 
not very probable, it is conceivable that the contraction by compressmg 
the blood-vessels might raise the blood pressure, and the raised blood 
PH LVIII 21 
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pressure distend the arteries of the web. In consequence, experiments 
were made to test this possibility. 

The sciatic nerve on one side was exposed in the middle of the thigh 
and a small sheet of india-rubber placed under it. After testing the vaso- 
dilatation by stimulating the posterior roots, the part of the sciatic nerve , 
on the rubber sheet was wrapped round wth a small piece of cotton wool » 
soaked in novocaine solution. The completeness of the paralysis of the 
nerve was tested by the disappearance of vaso-constriction on pinching 
the flank or on stimulation of the spinal cord. Complete paralysis was 
usually obtained 15 minutes after the novocaine application. Then the 
effect of stimulating the posterior roots was tested on two or three 
different arterioles. After this, the cotton wool with novocaine was 
removed, the sciatic nerve washed with Ringer solution and UTapped in 
cotton wool with Ringer. 'RTien the conductivity of the nerve had returned 
tlie effect of the posterior roots was tested again. 

The experiments were decisive. Abolition of the conductinty of the 
sciatic abolished the vaso-dilator effect of the posterior roots. In one 
case only, a slight dilatation — from 56 p to 59 p. — was obtained. Thus the 
effect is not a passive effect brought about by constriction elsewhere, 
but is a direct effect of posterior root fibres on the arterioles. Examples- 
of the results obtained in three frogs are given in Exps. 12 to 15. 


Diameter of capiUaries in /j. 


r 

Before During 


Srp. 12, 

Before atimulation 

application of 
novocaine 
52-8 

paralysis by 
novocaine 
59-3 

After 

recovery 

62-8 

Stimulation of posterior roots 

66-0 

59-3 

59-3 

ffzp. 13. 

Before stimulation ... 

19-S 

39-6 

26-4 

Stimulation of posterior roots 

39-6 

39-6 

36-3 

Exp. 14, 

Befoie stimulation 

39-6 

33-0 

16-5 

Stimulation of posterior roots 

43-0’ 

33-0 

26-4 

Exp. l.j. 

Before stimulation ... 

66-0 

79-0 

59-2 

Stimulation of posterior roots 

79-0 

79 0 

72-5 


Another form of experiment was tried. The femoral artery was 
clamped and the posterior roots then stimulated. The stimulation in 
some cases, but not constantly, caused dilatation of the arterioles. The 
results in such experiments are complicated by the effect of antemia. 

In the course of these experiments, I found that pinching the skin of 
tlie flank during the abohtion of sciatic conductivity by novocaine usuallj 
caused distinct dilatation of the arterioles, thus giving evidence in 
addition to that already given of passive dilatation. On recovery o 
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sciatic conductivity, pinching caused the normal \aso constriction 
Pinching the skin also caused dilatation instead of constriction of arterioles 
when the sympathetic trunk was cut just above the 8th ganglion Examples 
of these effects are given in Exps 16 and 17 


Ezp IG 


Before pmching 
Pjnclung of flank 


Diameter of artcnoles m 


Before narcosis 
39 5 
2C2 


During paralysis 


36 4 
4G2 


Vfter rcco\ery 


33 0 
26 4 


Fxp 17 


Befon. pinching 
Pinching of flank 


Before cutting of 
mpathetic trunk 


19 8 
13 2 


After cutting of 
sympathetic trunk 
IDS 
26 4 


Lffect of dtimilatiiig the neries of the dorsal slm Langley(i) found 
that stimulation of a cutaneous nerve to any part of the skin caused 
vaso constriction in the part adjoining the anatomical ending of the 
nerve in it and that successive branches of the dorsal cutaneous nerves 
supplied successive areas which overlapped slightly I have made 15 
observations on mne frogs, stimulating the penpheral ends of the dorsal 
oiitineous nerves after curarisation In three cases I found no effect 
m two oases contraction of arterioles, and m ten cases dilatation of 
arterioles It may bo assumed that the dilatation is due to antidromic 
action. It appears then that the balance of effect of the sympathetic 
vaso constriction and of the posterior root vaso dilatation turns in one 
direction or the other according to yet undetermined body conditions 
I reproduce some examples of dilatation and constriction 

Efp 18 Diameter of arterioles in 



(a) 

(0) 

(c) 

(rf) 

(c) 

Before stimulation 

7j0 

106 0 

39 5 

26 4 

50 0 

stimulation of cutaneous nerve 

87 o 

1190 

46 2 

33 0 

37 5 

\fter stimulation 

75 0 

106 0 

— 

29 7 

50 0 


Effect of shmiilaHiig the glossophari/ngcal nene Dilatation on stimu 
lating the penpheral end of the glossopharyngeal nerve in the frog tv as 
hrst described by LepinefiO) He found that the stiniulatioa caused 
secretion and flushing of the corresponding half of the tongue Krogh(i) 
obtained dilatation on mechanical stimulation of the nerve and observed 
that it occurred both in the capillaries and in the arteries It hardly, 
then, needs further confirmation I have, however, made some observa 
tions on the degree of dilatation which is caused by faradic stimulation 
of the glossopharyngeal The increase of diameter ranged from 8 2 p c 
to 64 p c 
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Summary. 

The results, unless otherwise mentioned, reier to the vessels of the 
frog’s web. 

1. Whilst, as is known, complete contraction of arterioles , does not 
cause collapse of capillaries, decrease or increase of arteriole size is, as 
a rule, accompanied by decrease or increase of capillary size. The 
frequency of exceptions to this rule vary in difEerent conditions. Ex- 
ceptions were not infrequent in reflex contraction of the arterioles, and 
posterior root stimulation, though it caused arteriole dilatation, was not 
foimd to cause appreciable dilatation of capillaries. Further, the degree 
of capillary variation caused by a given arteriole variation is not constant. 

2. It is concluded that capillary size depends partly on the blood- 
pressure and partly on the condition of the capillaries. 

3. Evidence of independent capillary contractility, i.e. constriction 
of a portion of a capillary, was rarely obtained (o) in spontaneous varia- 
tions, (6) when arteriole contraction was produced reflexly or by stimu- 
lating the sympathetic origins in the upper part of the spinal cord or 
by brushing the web. 

4. Adrenaline causes contraction of arteries and (as described by 
Krogh in the tongue), dilatation of capillaries. 

6. Novocaine applied to the sciatic nerve prevents dilatation being • 
produced by posterior root stimulation, but does not prevent dilatation 
(presumably passive) being, produced reflexly by skin stimulation. 

6. Stimulation of the dorsal cutaneous nerve was found to cause 
arterial dilatation mote frequently than arterial contraction. 

In conclusion I have to record my grateful thanks for the suggestions 
and kind aid which I received from Prof. Langley. 
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ON THE BLOOD PHOSPHATE AFTER INSULIN 

CONVULSIONS. By L. B. WINTER and W. SMITH 
(Beit Memorial Besearch Fellows), 

(From the Biochemical Laboraiory, Cambridge.) 

In a recent paper(i) it was shown that the inorganic blood phosphate is 
diminished as the result of injecting insulin into rabbits. Perlyzweig, 
Latham and KeeferP) and Harrop and Benedict^) have also shown 
this to be the case. The latter showed in addition that this fall occurs in 
the treatment of diabetes mellitus in man by injection of insulin. 

It has been shown that animals may be recovered from insulin con- 
vulsions by means of glandular extracts. Since no abnormal amounts 
of reducing sugar are excreted as a result of insulin administration, and 
in view of the work of Dudley and Marrian(4), who showed that 
glycogen was almost entirely absent from the liver and muscles of mice 
after insulin convulsions, the recovery of animals from convulsions by 
means other than injection of glucose, would make it probable that the 
sugar stored as glycogen has been converted into some other form. 
It is unlikely that the animal has burnt all its available carbohydrate 
when the convulsion point is reached(5). Magnus-Levyp) postidated 
acetaldehyde as a cleavage product of carbohydrates in the body. It is 
of great interest that Neuberg and others (7) have recently found that 
the production of acetaldehyde by the liver in vitro is greatly increased 
in the presence of insulin. It may be that the injection of insulin into 
normal animals suf&cient to cause convulsions leads to the conversion of 
the sugar stored as glycogen into some intermediate product of which 
the further metabolism on normal lines is prevented by the excess of 
insulin still present, the result being that carbohydrate metabolism 
is in abeyance until this excess is neutralised, or sugar is actually added 
to the body as by injection of glucose. If the fall in the blood sugar and 
inorganic phosphate after injection of insulin had been due to the forma- 
tion of a sugar-phosphate complex it would appear probable that during 
the process of recovery by gland extracts the blood sugar would rise 
along with the inorganic phosphate. A complication may arise owing to 
the possibility of different animals going into convulsions when they have 
not lost all their glycogen. Insulin may have a nervous effect as well as 
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one directly acting on the carbohydrate metabolism (8). The following is 
an account of work undertaken to determine the alterations in the values 
of the inorganic blood phosphate after recovery from insulin convulsions 
by different means. 

Experimental. Eahbits were used throughout. Blood sugar estimations 
were made by Bang’s old method, inorganic blood phosphate by that 
of Bell and Doisy(9) as modified by Briggs (lo). It has been pointed out 
by Lehman(ii) that in the case of rabbit blood a yellow colour often 
interferes with the blue b}’’ ■which comparison is made in the above method 
for determination of phosphate. With several animals we have found this 
to be the case, and conclusions based on these experiments may lead to 
serious error. In the majority of cases no such difficulty was experienced. 
The samples of blood obtained during and after convulsions were as a 
rule taken from the heart, owing to the, difficulty of obtaining sufficient 
blood from the ear during the state of shock. Recovery after injection 
of glucose was first studied. The blood phosphate in all cases only rose 
slowly to its original value, in many cases a further fall occurred, and the 
normal value had not been reached 24 hours later. WTien glucose is used 
for recovery it is probable that the sugar injected will be dealt with along 
two lines. Some of the sugar will suffer the fate of the animal’s own 
carbohydrate due to the excess of insulin still present in the body; the 
rest, if sufficient has been injected, ’will be available for restoring the blood 
sugar to a normal level and for utilisation. This -view is supported by the 
fact that an injection of glucose may only temporarily relieve the animal, 
a second injection being necessary some time later in order to combat 
further convulsions. This is well shown in the case of rabbit 14 in the 
pre'vious paper in which the blood phosphate was lowest at the time of 
the second comuilsion. When the amount of glucose used for recovering 
rabbits from convulsions was injected into normal rabbits no appreciable 
alteration in the inorganic phosphate occurred. 

Recovery from convulsions by means of adrenaline was next studied. 
Controls were performed in wffiich adrenaline alone was injected m- 
travenously into rabbits. The results showed that a fall in the inorganic 
phosphate occurred, during which time the blood sugar rose above normal. 
iThis has also been shown by Perlyzweig, Latham and Keefer(2). 
1 a possible explanation of this is that an additional supply of sugar is 
present which has to be disposed of again to restore the blood sugar to 
' a normal level. This process may necessitate the interaction of inorganic 
phosphorus. When recovery by means of adrenaline was attempted it 
was found ad’vdsable to inject two small amounts with an interval of time 
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between rather than the whole amount at the same time. It is easy to 
kill a normal rabbit by injecting adrenaline in amounts greater than 
0-4 c.c. of 1 : 1000 solution for a rabbit of 2 kilos. The shook of the 
insulin convulsions renders rabbits very sensitive to injection of such 
substances as pituitrin or adrenaline. With ether extract the animals 
sometimes died shortly after the injection. Usually, good recovery 
ensued, but sometimes the animals appeared abnormal or even convulsed 
some hours later and a further injection was necessary to ensure per- 
manent recovery. After recovery by adrenaline the inorganic phosphate 
as a rule at first rose along with the blood sugar. Later, however, the 
value for the phosphate fell whereas the blood sugar had reached a height 
usually above normal. Evidently some secondary adjustment was taking 
place, but the initial rise after convulsion, s when adrenaline is injected 
is in marked contrast to the fall which occurs when adrenaline is injected 
into a normal animal. We have found (unpublished experiments) that 
injection of adrenaline in similar amount into normal rabbits alters the 
nature of the blood sugar in that when a comparison was made between 
the observed optical rotation (P) and that calculated from the reducing 
power of the carbohydrate on the basis that glucose is the only reducing 
substance present (the latter factor is referred to os C) it was found that 
the value of P was greater than that of C. In contrast with this the value 
of P is less than that of (7 in the case of the normal animal. This increased 
amount of sugar present in the blood after injection of adrenaline being 
similar to that of diabetics as evidenced by the ratio P/0 would appear 
to bo an abnormal product and necessitate further change before it can 
be converted into a normal blood sugar. In an attempt to determine 
whether the blood sugar of a rabbit could be increased in amount and yet 
be unaltered as regards its ratio P/6' we injected thyroid extract previous 
to the injection of adrenaline. It was then found that while the blood 
sugar was raised to a degree comparable rvith that caused by adrenaline 
alone, the ratio P/C was as a rule within the limits normally met with in 
the rabbit, P being less than C. For this reason in some experiments 
thyroid extract was injected before adrenaline for the recovery of rabbits 
from insulin convulsions. In some samples of thyroid tablets traces of 
parathyroid were evidently present since the convulsions were greatly 
increased with the resultant death of the animal. It has been shown (12) 
that parathyroid extract intensifies the action of insulin. Other samples 
of thyroid powder free from parathyroid were used. The ease of recovery 
did not appear to be increased and the behaviour of the phosphate rvas 
not different from that when adrenaline alone rvas used. 
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We found that when an extract of fresh thyroid gland from which 
the parathyroids had been dissected out was injected into rabbits along 
with a normal dose of insulin, the action of the insulin was unaltered as 
shown from determinations of the blood sugar. Samples of commercial 
thyroid powder were therefore tested by injection together with insulin. 
When the action of the insulin was not increased, it was concluded that 
the sample w'as free from admixture with parathyroid. Armour’s thyroid 
siecum has been found to be apparently uniform in that it caused no 
intensification of the action of insulin. 

In order to determine whether thyroxin was of value in the recovery 
of animals from insulin convulsions, a sample was obtained from Messrs 
Squibb and Sons, Ncav York. We were unable to recover rabbits by means 
of thyroxin alone, and even when it was injected along with adrenaline 
considerable difficulty was experienced in effecting recovery. Thyroxin 
alone had only a small effect on the inorganic blood phosphate. 

Since recovery was so difficult after thyroxin had been injected into 
the animal, it was of interest to determine the ratio PjC after injecting 
thyroxin and adrenaline into normal rabbits. In every case the value of 
P exceeded that of C. It would appear likely that there may be some other 
active principle present in dried thyroid powder which has the effect of 
interacting >vith adrenaline for the formation of normal blood sugar. 
That this is not due to traces of parathyroid is clear because parathyroid 
extract and adrenaline when injected together behave as adrenaline 
alone, P being greater than G. 

Bodansky(i3) has studied the effect of thyroxin on the recovery of 
the blood sugar after insulin. Sheep were used, a dose of insulin being 
given which caused a marked fall in the blood sugar though it was not 
great enough to cause convulsions. When thyroxin was injected at a 
time when the blood sugar had begun to rise again, the blood sugar rose 
more rapidly and to a higher level. In a later communication (M) he showed 
that the recovery of the blood sugar after similar doses of insulin was 
delayed in the case of sheep from which the thyroids had been removed. 
He assumes that the action of thyroxin in recovery after insulin is to 
break do^vn glycogen from the liver. In view of the work of D udley and 
Mar.rian(4) this is unlikely, and in the light of the experiments on 
recovejy from convulsions recorded above, it is probable that some 
constituent of the thyroid other than thyroxin is also necessary. 

Since 'injection of pituitrin has no effect on the blood sugar of the 
normal animal, the mechanism by which it causes recovery from insulin 
convulsions ^is obscure. Dale (5) has suggested that it is directly an- 
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lagonistio to insulin; it is possible therefore that the injected pituitrin 
neutralises the excess of insulin still present and allows the enzymes 
responsible for the breaking down of the sugar stores to become operative 
and raise the blood sugar to a normal level. It became of interest to 
determine the variation in the value for the inorganic phosphate under 
these conditions. Considerable difficulty was sometimes experienced in 
recovering the animals from convulsions by pituitrin alone. In the case 
of several rabbits the first injection intensified the convulsions and death 
occurred in a few minutes. Dudley has shown(i5) that there are at 
least three active principles in the pituitary, and since it is uncertain 
which is at work in recovery from convulsions, the method of standardisa- 
tion, viz. a determination of the effect on plain muscle, may result in 
a product of varying efficacy with regard to the content of the active 
principle which is antagonistic to insulin. When the animals made a good 
recovery as a result of injecting pituitrin, the behaviour of the blood 
sugar and inorganic phosphate was extremely variable. In some animals 
the blood sugar might rise only slightly and the value for the phosphate 
be high, the animal meanwhile appearing normal. In other experiments 
the value for the phosphate was lower or unaltered after recovery, while 
the blood sugar rose rapidly to normal. From these experiments little 
light can be thrown on the mechanism of recovery by pituitrin. It is 
difficult to suppose that the blood sugar which is formed in recovery from 
convulsions by means of pituitrin comes from a source different from that 
which gives rise to sugar under the influence of adrenaline, or adrenaline 
and thyroid extract. But the behaviour of the inorganic phosphate is 
different in the two cases. Since the value foil the inorganic phosphate 
may remain unaltered at a low level, while the blood sugar has returned 
to normal, it may be evidence against the conversion of glycogen to a 
sugar-phosphoric acid comple.x as a result of insulin convulsions. 

SUMMAKY. 

1. Variations in the inorganic blood phosphate after insulin con- 
vulsions in rabbits have been studied. 

2. Rabbits have been recovered from convulsions by means of 
glucose, adrenaline, adrenaline and thjoroid extract together, and 
pituitary extract. 

3. After adrenaline the inorganic phosphate usually regains the 
normal level quickly, but falls again. After pituitrin the effect is variable. 
After glucose the normal value is not regained for a considerable period. 
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PROTOCOLS. 

The following are typical experiments. All were on rabbits. 




Glucose 





Inorganic phosphate 


Time 

Blood sugar 

as mg. P % 

A. 2 kg. 

10.00 

•10% 

6-20 


10.10 

35 c.c. 10 % glucose 

— 


11.25 

•20% 

6-15 


2.30 

•12 % 

6-30 

B. 2 kg. 

10.10 . 

•11% 

6-25 


10.20 

43 mg. insulin 

— 


12.30 

Convulsions -05 % 

5‘10 


12.40 

Glucose 

— 


2.30 

•09 % 

3-95 


4.30 

•12% 

3-70 


Next day 

•11% 

4-00 


Five days later 

•10% 

5-95 



Adrenaline 
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Adrenaline {contd ) 

InorKanIc 
I hnapi all 
a» mi. 

Time lU oj 1 % 

E 2 S kg 9 40 12 % 5 50 

10 00 50 mg insidm — 

12 15 Convulsions 06 % 2 40 

12 25 0 3 c c adrenaline — 

12 30 0 2 c c adrenalme — • 

12 45 Animal appeared — 

normal 

3 00 *11% 4 75 

5 50 12% 4 20 

All the blood samples were obtamed froqt 
the ear 

E Same nmmal 6 Tieeks later Samples ob 
tamed from the heart 

9 45 13% 4 60 

10 00 20 mg insulin — 

10 03 15 mg parathyroid 

(Armour) 

1 30 Con\ uLjions 06 % 2 60 
1 45 1 7 c c adrenaline 
subcut 

1 55 Animal eating — 

2 30 Convulsions Icc — 

adrenaline subcut 

3 45 07 % 5 10 

8 30 14% 3 80 

Adrenalme and thjTOid 
F 26kg 1000 12% 550 

10 25 40 rag insulm — 

12 40 Convulsions 05°^ 4 70 
12 60 100 mg thyroid — 

sicc (Armour) 

12 65 0 5cc adrenaline — 


Adrenaline and thjroul (eon/d ) 

lnor(.aD(c 
pi ospl at»* 
as ni)^ 


1 II ic lUoo 1 8Ur.ai r / 

F 2 5kg 110 Animal eatmg — 

2 50 13 % 5 40 

5 00 12 5 55 

Next da\ 13% ^35 

Pitintnn 

G23kg 9 4o 11% 5 16 

10 00 2 cc pitmtrm — 

12 00 11 % 5 70 

2 45 11 % 5 50 

H18kg 1010 10% 4 90 

10 15 Somginsulm — 

12 15 Convulsions 04 % 3 60 

12 20 3 c c pituitnn — 

12 25 Eating — 

2 50 06 % 2 65 

3 40 Weak, Icc pitui — 

trm 

4 45 12% Eating 3 80 

8 65 11 % 2 60 

Next day 11% 3 25 

I 25kg 9 45 12% 3 76 

10 00 60 mg insulin — 


3 00 Convulsions 04 % 2 50 

3 05 2 c c pituitnn — 

3 10 Eatmg — 

4 20 Weak, 2 c c pitui — 

trm 

ol5 06% 3 90 

8 16 06 % J 10 

9 15 Fating well — 

Nevtdav 12% 3 70 


J 2 7 kg 


K 2 5 kg 


L 32kg 


M 2 5 kg 


Time 

Blood sugar 



10 00 

10 15 

10 35 

10 60 (killed) 

11% 

1 mg thyroxin 

0 4 c c adrenaline 

30 % 

35 c c 

a for (=1 
blood C=+010 
P= +0 12 

10 05 

10 15 

10 30 

10 45 (killed) 

11% 

1 mg thyroxin 

0 4 c c adrenaline 
28% 

41 c c 

blood 

C= +0 11 
P=+0 17 

10 10 

10 15 

10 20 

10 35 (killed) 

10 % 

80 mg thyr sicc ( Armour) 
0 3 c c adrenalme 

18% 

55 c c blood 

C= +0 15 
P= +0 10 

10 15 

10 20 

10 35 

10 50 (lolled) 

n % , 

30 mg parathyroid powder 

0 3 c c adrenaline 

19% 

45 c c blood 

c=+ 01 l 



THE EFFECT OF FATIGUE ON THE RELATION BE- 
TWEEN WORK AND SPEED, IN THE CONTRACTION 
OF HUMAN ARM MUSCLES. By A. V. HILL, 
a H. LONG AND H. LUPTON. 

{From the Department of Physiology^ University College, London.) 

In recent papers A. V. Hill(i) and Lupton(2) Kave shown that in a 
maximal contraction of the flexor muscles of the elbow the work done is 
related to the time occupied in doing it by an equation of the type 
IF — IFq (1 — k/t). The dependence of work done upon speed of con- 
traction is being further investigated by Prof. Gasser here, who finds 
the same phenomenon to occur in the case of isolated frog’s muscle 
subjected to a maximal tetanus: one is obviously dealing with a funda- 
mental characteristic of muscular tissue and not merely with a property 
of its iimervation. Some doubt has been thrown by Hansen and 
Lindhard^S) upon the use of the equation to describe the phenomena: 
their objections, however, have been shown by Hill (2) to reduce to the 
fact that the constant W(, determined from the observations relating W 
to t is some 10 p,c. to 20 p.c. less than the theoretical maximum work- 
calculated from an “indicator” diagram relating force exerted to amount 
of shortening. 

The cause of this divergence is not explained. It is small and has no 
influence on the essential fact that the work increases with duration of 
shortening: it makes the real “theoretical maximum work” slightly 
greater than PFq. 

In a paper appearing in the present number of this Journal, and very 
courteously communicated to us before publication, Hansen and 
Lindhard show that fatigue appreciably diminishes the value of W 
observed, when the duration of shortening is prolonged. In order to 
obtain sufficiently long times on the wheel at their disposal they employed 
subjects of “inferior strength.” This method undoubtedly shows qualita- 
tively the incidence of fatigue in prolonged pulls by such subjects, but 
we felt it advisable to make a direct quantitative estimate of the effect 
of fatigue upon the work done by the vigorous male subjects with whom 
most of our experiments have been made. The following method was 
employed. 
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A given pulley of the wheel being chosen the subject made a senes 
of maximal contractions (usually about 25 m number) employing the 
quiet release mechanism previously described On the signal “go” he 
made, and maintained, a maximal effort, and after an interval accurately 
measured on a stop watch the wheel was released The interval was 
vaned arbitrarily between 0 and 3 secs , the subject havmg no idea 
beforehand what it would be in any given contraction In this way the 
same identical movement was carried out in all about 25 times, preceded 
by an interval of maximal isometnc contraction varying up to 3 secs 
Plotting the work against the duration of the isometric interval ive can 
obtain an estimate of the effect of fatigue The experiment was made on 
a number of healthy male subjects, on various pulleys (i e against 
various equivalent masses), and startmg either with the arm completely 
extended, or bent at an angle of 40" No consistent differences (for any 
given subject) were found, either for different pulleys, or for different 
positions of the arm in the mitial isometric contraction The results 
obtained from each group of about 25 observations on a given subject 
were expressed m terms of the percentage diminution in the work 
done, resulting from each 1 sec of preliminary maximal con 
traction Altogether about 1000 observations were made, so enabling 
a fairly accurate estimate to be obtamed of the effect of fatigue 


Table Per cent, reduction m tbc work done resulting from eacJi 2 second 
o£ prelunmaiy maximal contraction 

[Each number given is the mean value obtamed from a senes of about 25 observations j 


Downing 

68 

72 

60 

40 

12 0 

10 4 

Mean 7 8 

Parkinson 

64 

60 





— 

— 

,, 6 2 

Lupton 

36 

30 

70 

78 

— 

— 

, 54 

Long 

70 

80 

40 

96 

60 

96 

7 4 

Lil]estrand 

74 

50 


— 

— 

— 

62 

Azuma 

70 

56 

60 

64 

42 

— 

» 6 0 

Gasser 

0 

36 

20 

0 

32 

— 

. 18 

Weakley 

40 

70 


— . 

— 

— 

» 5 6 

Schei&fein 

66 

62 

54 

98 

— 

— 

M 6 8 


The mdividual subjects varied somewhat from one another, but a 
6 p c reduction is a good mean estimate for the effect on the work of 
each 1 sec of previous exercise Thus if 10 kg m of work be done in an 
undelayed contraction, about 9 4 kg m will be done if shortemng be 
delayed for 1 sec after the signal “go ” Clearly A V Hill(2, p 353) was 
in error m statmg that no appreciable diminution in the work results 
from a second or two delay in the release, though this appears to be the 
case with himself and Gasser We must consider the effect of this 
dimmution on the form of the relation between Tf and I 
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The best data available are those given by Lupton(2, p. 72 ), from 
which we obtain : 

Corrected work 10-51 9-76 9-15 7-72 6-67 5-70 4-66 

Calculated work 10-24 9-69 9-11 7-75 6-71 5-71 4.55 

The “corrected work” is calculated as follows. It is assumed that in 
any given contraction every element in the work done by the shortening 
muscle is reduced 6 p.c. by each previous 1 sec. of maximal contraction, 
and proportionately for other durations. If the shortening occupy t secs, 
and be uniformly accelerated (as Hill(i) previously showed to be approxi- 
mately the case) the total reduction can then be shonm to be 6 p.c. x 2/3/, 
i.e. it p.c. If we employ the formula IT = 11-78 (1 — -283//) we obtain 
the numbers given in the last row for “calculated work,” which clearly 
agree closely with those given for “corrected work.” The allowance for 
fatigue, therefore, does not alter the general character of the curve, or 
the accuracy with which the observations may be expressed by the 
equation. Lupton gave 10-96 and 0-264: as the values of TFo and k 
determined from the observations uncorrected for fatigue: the values 
11-78 and 0-283 imply that the true “viscosity” coefficient i = 0-283 
and the true theoretical maximum work Wq = 11-78 are both some 8 p.c. 
greater than the values calculated from the uncorrected data. 

W e may conclude therefore that the effect of fatigue is comparatively 
unimportant. In vigorous male subjects it reduces the apparent theoretical 
maximum work (calculated from the observations) by some 8 p.c., and 
alters the apparent “viscosity” coefficient k to about the same degree. 
The character of the curve is unchanged by fatigue, there is the same 
increase of work with duration of contraction, the same equation applies 
with equal precision to the observations. The 10 p.c. to 20 p.c. difference 
found by Hansen and Lindhard(3) between Wg and the area of the 
“stress-strain” diagram is clearly due, as they claim, in part to fatigue: 
unless, however, their subjects were more liable to fatigue than ours 
(which seems unlikely), it would appear that other factors must be in- 
voked to explain the remainder of the difference. 

The relation between work and speed of shortening can be shown 
diagraramatically much better by plotting TF against 1// than (as we have 
done hitherto) against t. If we call l/l the “speed” of shortening, the 
relation between work and speed should be a linear one, as Fig. 1 indeed 
shows it to be. The lower line of Fig. 1 is drawn through the observations 
given by Lupton: the upper line is drawn through the observations 
after correction for fatigue, as described above. The linear relation shown 



Fig 1 

the speed of movement increases rand the smell correction necessary 
to allow for fatigue obviously has no influence upon the accuracy with 
which this relation is obeyed. 

Summary 

The effect of fatigue in diminishing the work done in a prolonged 
maximal contraction of the flexor muscles of the elbow has been deter- 
mined. Every previous 1 sec of maximal contraction diminishes the 
w ork by about 6 p.c. The relation between work and speed of shortening 
is not seriously influenced by fatigue. The work decreases in a linear 
manner as the speed of shortening is increased. 

The CTpensea of this research have been borne in part a crant from the Roj al Society 

to A V, Hill 
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increased or fell, and Fig. 1 shows all the results obtained with one 
animal. 

Cane sugar 10 p.c. (26) or + +. In one experiment there was a fall in resistance, 
which was clearly accidental 

Lactic acid trace to *2 p.c. in 10 p.c. sugar (6) - -i — , or + - + , or -. 

•4 p.c. NajSO« in 10 p.c. sugar (4) H h. or - or or +. 

•1 p.c. NaCl in 10 p.c. sugar (2) + — 

•1 p.c. indigocannine in 10 p.c. sugar (2) - 4- - , or 4- - +. 

3-4 p.c. Nal in normal saline (10) -. 

5 p.c. Na2S04 in normal saline (2) - . 

5 p.c. NH4CI in normal saline (2) or + 

•2 p.c. NaHCOj in normal saline (2) -. 

Vagus stimulation (14) - except in two cases +. 



Fig. 1. Beaults on one rabbit. The lines show the changes in conductivity without regard 
to the initial absolute value. The time of flow of 10 c.mm. before injection is placed ^ 
in brackets. I (21) urea, 1 c.c. 0-5 p.c. II (31) cane sugar, 1 e.c. 10 p.c. Ill (H) 
XaCl O-I p.c. in 10 p.c. sugar. IV (26) Ka^O^ 0-4 p.c. in lOp.c. sugar. V (II) vagus 
stimulation for 81 secs. VI (10) indigocarmine, 0-! p.c. Cannula volume to be 
deducted, 30 c.mm. 

It will be noticed that while many injections produce only one definite 
change in the resistance some, especially those which contained an 
electrolyte, added to 10 p.c. sugar solution showed up to three sharp 
points of change. Naturally the changes produced passed off and the 
resistance of the urine tended to approach its previous value. This change 
was usually gradual and in the beginning of such a return has not been 
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further considered. In some cases, however, the alteration was sharp. 
The turning-point in these has been used in the subsequent considera- 
tions. Natutally not all injections produced results. On occasion, for 
example, the strong sodium iodide solution produced no change; an 
injection of 10 p.c. sugar could, however, be relied on to give a result. 

Stimulation of the vagus was the most frequent disappointment, 
largely owing to the desirability of limiting stimulation to the interval 
between the fall of two drops. IVhen the urine was flooring rapidly such 
a brief stimulation produced no effect. Many of the vagus experiments 
showed a subsequent return of the resistance to the previous level or a 
passage beyond it. The quantity of urine expelled after the stimulation 
had ceased before the original level was reached has been taken account 
of in the subsequent considerations. In some cases the effect of the vagus 
was of a more permanent nature. Whether the influence of vagus stimula- 
tion is direct or merely a vascular effect does not affect the use to which it 
is put in these experiments ; it may, however, be mentioned that a result 
was never obtained when the stimulus was too weak to stop the heart. 

An inspection of all the observations showed that the volumes ex- 
pelled before a change appeared tended, as in the previous experiments, 
to fall into two groups — small volumes and relatively large volumes — 
but there are many intermediate values. The results obtained cannot, 
however, be compared with one another unless allowance is made for 
the difference in size of the animals and still more for the difference in 
the state of distension of the kidney tubules and passages. The actual 
results obtained were reduced in simple proportion to conform with a 
body weight of 2 kilos. — the extremes being 1-5 and 2-5 kilos. The volumes 
so obtained were plotted against the corresponding rates of flow before 
the injection was given. This rate of flow must be in some close relation 
to the state of distension at the moment of injection, as the greater the 
rate of flow the greater the pressure causing it and consequently the 
greater the dilation of the tubules and.ducts. 

The results fall into order as seen in Kg. 2. In this all observations, 
including those of Part I, have been used. It will be noticed that ivith 
increasing rates of flow the volumes tend to become larger and the 
differences between extreme observations greater. 

Along the lower edge of the figiure there is an accumulation of points, 
indicated by the lowest line, which point to its correspondence with a 
definite level in the kidney passages. Characteristic of this line is further 
the fact that on, or near it, fall the initial changes of all vagus stimula- 
tions. It was consequently desirable to find as far as possible what is 

22—2 
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tlie xelation of tliis level to the volume of the ureter and pelvis of the 
Mdney. This was determined in the following way. The usual preparation 



Fig. 2. The crosses indicate the beginning, and crosses in circles the ends of the conductivity 
changes with stimulation of the vagus. The black squares show the results with indigo- 
carmine, the white with iodide. The circles indicate all other changes, 

having been made, indigocarmine was injected. A period was allowed 
to elapse xmtil the urine was approximately constant in colour, a known 
number of drops were collected, the rate of flow taken, and the animal 
killed by an intravascular injection of chloroform. The ureter was 
clamped off and the kidney and ureter removed from the body. The 
kidney was now sliced away tangentially until the pelvis was just 
opened. The contents of the ureter were then washed out from the 
cannula with saline through this opening until the washings were free 
from colour. The collected washings were compared in a colorimeter 
with the previously collected drops to which, however, it was usuaUy 
necessary to add a trace of blood. From the comparison, the volume of 
the drops being known, the volume of the ureter was calculated. While 
this volume does not include the volume of the kidney ducts which must 
constitute a further small addition to the dead space it does include 
the urine in the recesses of the’pelvis which does not form a part of the 
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dead space in question. If the ureter volumes obtained in these ex- 
periments (Table I) be compared with Mg. 2 they will be seen to fall 
around the lower line. Consequently changes occurring at this level 
might be attributed to the lowest active region of the kidney tubules. 

Table I. All values are reduced to a body weight of two kilos. 



Rat© of flow 

Qt. expelled 




before iniection 

before colour 

Rate before death 

Ureter voL 

Wt; (kilo.) 

secs, per 10 c.mra. 

appears (c.min.) aecs. per 10 c.mm. 

c.mm. 

1-7 

3*1 

280 

3-6 

132 

2*1 

4'6 

121 

4 

72 

2-2 

4-7 

260 

4 

60 

1-7 

6-4 

67 

7-6 

35 

1-7 

27 

70 

12 

89 

1-7 

8-6 

188 

13 

90 

2 

8-2 

240 

16 

98 

1'7 


— 

17 

113 

1-7 

20 

76 

20 

89 

26 

fl.G 

83 

26 

34 

Meaa 81 


It is of course clear that these ureter volumes do not reach to the volume to which the 
ureter ftwy) bo distended j after obstruction to the outflow much larger volumes can be 
obtained. We have collected almost 2 c.c. of urine on cutting a completely obstructed 
ureter after death. Cases of obstructed outflow would reveal themselves on the graph as 
extravagantly large volumes at slow rates of flow. In one other determination of the 
volume of the ureter the rate fell in the course of 10 minutes from 7 secs, to 80 secs, per 
10 c.mm. The volume of ureter was then found to be 280 c.mm. 

If the experiments in the table be referred to it will be noticed that 
in some the volume expelled after the injection of the indigocarmine 
before the blue colour appears is of the same order as the volume of the 
ureter and pelvis while in others it is distinctly larger. Similarly, in 
Fig. 3, the upper limit of the observations form a defimte group which 
it is natural to identify with the upper end of the active tubule as we 
identify the first with the lower end. Scattered between the two lie a 
number of points which may well be outlying members of the other two 
groups. We are, however, for the foUowing/teason, inclined to the belief 
that they correspond in part at least "to another group. As already 
mentioned many conductivity experiments show three points of change 
in the resistance. If these alone be plotted in the same manner as in 
Fig. 2 it will be seen that while the extreme observations correspond in 
general to the groups just mentioned the middle ones seem to form an 
independent group (Fig. 3). 

Before identifying these three groups with definite anatomical regions 
we must consider what other explanations of the results might be offered. 
Assuming for the moment secretion in the tubule, the time taken before 
a substance just arrived in the kidney blood stream would reach the 
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cannula would depend on the time taken in passing through the tubule 
wall added to the time taken to expel the urine already in the passages 



Fig. 3. Three changes in the conductivity after each injection. The large dot shows the 

middle change in each case. 

below. If there be any noticeable delay in secretion, unchanged urine 
would continue to pass dotro the tubule and consequently the volume 
expelled before the change would be larger than if the secretion occupied 
a merely negligible time. That there is not any invariably appreciable 
delay is shown by the approximate correspondence of the volume of the 
ureter at various rates of flow with the lower line in Fig. 2. Delayed 
appearance of an injected substance is not, it is true, without a parallel; 
in chronic interstitial nephritis a delay in the appearance of injected dyes 
is described though even here pathological alteration in the volume of the 
ureter does not seem to have been taken into account (2). If, however, we 
are to explain any points in the graphs falling above the line corresponding 
to the anatomical volume of the ureter as delay in the transmission of a 
change in the blood through the active cells of the tubules it is not easy 
to see why they should accumulate along a particular line in our rate- 
volume graph. If instead of considering secretion one considers the 
activity of the tubule to be absorption the reasoning is obviously not 
essentially different. 

The upper hue indicates the latest change or series of changes we have 
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found. We have seen that the identification of them with delayed activity 
in the tubules is improbable and believe that this line indicates altera- 
tions in the uppermost portion of the tubule. We must then consider 
what arguments can, so far as wo are aware, be directed against this view. 
It might be held that the volume of fluid in the uriniferous tubules is so 
minute that a separation from the point of view' of volume between the 
upper and lower end is impossible. Such an argument would mean that 
observations grouped along the lower line of Kg. 2 may be due to 
glomerular activity, or activity throughout the tubule, or both, and 
that higher observations must be explained ns due to delayed secretion 
or absorption. Such an argument would reject as misleading any evidence 
as to the volume of the tubules derived from histological sections, but in 
proof of the existence of a definite bore to the tubules we have the 
existence of tubular “casts” and also the fact that the tubules must 
have an appreciable bore so as not to require impossible pressures at 
the glomerulus to drive the urine along the tubule. 

Admitting that the tubules have an appreciable volume it does not 
follow, however, that a change occurring in the glomerular fluid roust 
expel their exact contents before it in order to emerge into the ducts. 
A delay in passing through the glomerulus is scarcely conceivable and 
the fluid in the capsule of Bowman will force the contents of the tubules 
before it, but these contents will be diminished by absorption or increased 
by secretion as long as they lie in the active tubule, and the volumetric 
difference between the extreme ends of the tubules so far as they can be 
measured in the emerging urine rvill resemble the anatomical content of 
the tubules only when secretion occurs in very concentrated solution. 
If absorption occurs to the extent demanded by the current absorption 
theories the volume difference reaching observation in our experiments 
would not be reduced to the same degree as only the urine which had to 
travel through the entire tubule would presumably be exposed to the 
full reduction and that in the lower end of the tubule would scarcely 
be affected. If we reject, as irreconcilable with the regularity of Fig. 3, 
the explanation of points along the upper line as due to delayed secretion 
or absorption we must hold them to indicate the volume of the uriniferous 
tubule less a quantity due to absorption or increased by secretion. Taking 
the number of tubules at 150,000(3) rather than the vbry unusual figure 
previously obtained on a single kidney(i), and assuming all to be active, 
the difference between the two lines on Fig. 3 would be comparable to 
the volume of tubules of diameter of from about 4p to lOp. Histological 
sections would indicate a rather higher value. 

. We believe then that the first line corresponds to the lower end of the 
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uriniferous tubule and that tbe difference between the upper and lower 
line is related to the total volume of the uriniferous tubule. It is tempting 
to believe that the third or intermediate group (Fig. 3) is connected with 
the loop of Henie and the adjoining ends of the two convoluted tubules. 

Wishing to find i£ the lines dran-n through the chief groups of the ohservations corre- 
sponded to any mathematical relation, and graphing the volunaea against the square root 
of the quantity of urine florring in unit time it was found that the two upper groups of 
observations fell around straight lines dran-n through the origin of the cur\'e. Uncertainty, 
however, as to whether this relation is the mo.st satisfactory does not make it work while 
considering deductions which might be made from it. 

If the interpretation of tbe results which we have advanced be 
accepted, they permit the approximate mapping and in terms of volume 
and identification with anatomical structures of the active regions of 
the kidney. 

It is at once clear that the vagus e,xperiments could be explained 
equally easily by either of the two prevailing types of theory. The changes 
of conductivity after injections allow of but little more discrimination: 
the increase in resistance in a particular animal in the urine coming from 
the distal convoluted tubules after injecting a sugar solution would be 
most easily explained by the cutting off of the supply of electrolytes for 
secretion, but there is no direct argument against the suggestion that the 
absence of electrolytes around the tubule stimulated in some way an 
increased absorption of electrolytes. In cases like dilute NajSO^in 10 p.c. 
sugar where a decided fall in resistance of tubular urine occurred it is 
difficult not to explain the fall as due to a secretion of the sulphate. But 
especially in the absence of chemical analysis this is merely a probability. 
We consequently use the conductivity experiments only to map out the 
active region of the kidney and draw no further conclusion from them. 

The case of substances previously absent from the urine and injected 
into the.blood stream is different. If after the injection of indigocarmme 
we find indigocarmine in the urine which at the moment of injection 
occupied the distal convoluted tubule we must conclude that indigo- 
carmine has been excreted by that region. The graphs show the occurrence 
of examples of both iodide excretion and indigocarmme excretion in all 
groups, and, so far as the interpretation presented convinces, there can he 
no doubt about their excretion in many cases by the convoluted tubules. 
"Whether in those cases where excretion occurs in the convoluted tubules 
there is also excretion in the glomerulus cannot be decided by the ex- 
periments at our disposal. 

V, If we consider finally the observations made on uric acid and urea, 
we\£nd that in 10 out of 11- experiments uric acid appears to come 
fr/iAtbe convoluted tubule, while the two experiments with urea also 
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point to excretion by the tubule wall. As these substances are present 
in the pre\nously passed urine it is possible to explain these results by 
an increased absorption resulting from the injection; but when we find, 
for example, an injection of indigocarminc sho^nng itself in a luine which 
was flouing at the rate of 10 c.mm. in 15 secs, after the expulsion of 
86 c.mm. and in the same experiment an injection of urea causing an 
increased concentrate of urea in urine flowing at approximately the 
same rate after the expulsion of G5 c.mm, it seems hard to refuse an 
explanation for the second result which alone accounts for the first. 

The experiments then give direct support to the theory of the 
secretory activity of the tubule wdth the qualification that in some 
animals, presumably owing to an alteration in conditions, the glomerular 
excretion is alone demonstrable. 

In conclusion we wish to thank Prof. J. J. Nolan for his advice on 
certain ph)*sical points and Prof. T. H. Milroy for helpful criticism. 

Summary. 

In continuation of previous experiments observations' were made on 
the volume of urine expelled after an intravascular injection before a 
change in the urine occurred. 

The main observations were made on the alteration of the electrical 
conductivity of the urine after intra-arterial injections of various solutions 
and on stimulation of the vagus. 

Further experiments W'ere made on the volume of urine expelled 
before injected indigocarmine or iodide or urea could be detected. 

When these volumes are plotted against the rate of flow of the urine 
prevailing at the moment of injection the figures fall into groups of which 
an upper and lower are distinct and an intermediate one probable. 

Volume determinations of the ureter and pelvis permit the identifica- 
tion of the lower group with the distal convoluted tubule and the upper 
group with the glomerulus. 

The positions of the indigo and iodide observations on the graph 
point to the excretion point of these substances varjdng in different 
animals, indigocarmine being usually excreted by the tubule. 

Observations on urea and uric acid point to these substances being 
usually excreted by the tubule. 
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decreased under the effect of insulin. We obtained some evidence that 
an active process was concerned, as the following experiment will show. 
In a special experiment (Table I) the Oa-tension w'as controlled so that 
it reached 58-3 nun., i.e. about 20 mm. Hg above the normal — about 
38 mm. for this animal — at the beginning of the insulin experiment. 

Table 1. Rabbit. 

Partial pressure under skin 
mm. Hg 


Time (mins.) 


, 

0, 

Blood sugar 
mg. % 

0 

38-6 

58-3 

•110 

25 (insulin injected) 

40-0 

56-9 



76 

44-7 

54-5 


105 

48-1 

530 

•055 

165 

50-4 

50-4 

--- 

162 

— 



•02S 

176 (convulsions) 

— 

— 

— 

195 

61-9 

48-1 

— 

235 (glucose injected) 

— 

— 

— 

266 

— 

— 

•060 

285 

4M 

46-4 



345 

36-0 

48-5 


366 

— 



•112 

405 

34-0 

52-0 

— « 

18 hours later 

37-4 

390 


66 „ 

39-5 

37-4 

— 


Of comrse the Oj-tension fell slowly towards normal, but before it 
had fallen so far as this the blood sdgar had fallen to its lowest point 
under the influence of insulin and following convulsions and subcutaneous 
injection of glucose was returning to normal again. Shortly afterwards 
the Og-tension, which was 464 mm. Hg, that is, well above the normal 
level, increased again and remained on the upward trend for at least 
two hours. Next day the Og-tension had fallen to normal, 39 mm. Hg- 
Macleod (4) points out that the respiratory quotient often rises decidedly 
in rabbits. This agrees with the rise in COg-tension and the fail in 
Og-tension obtained by us. 

IVom the above experiments it seemed clear that there was some 
relation between the Og-tension and the blood sugar. 

Air injected into the abdominal cavity. Our next experiments were 
designed to determine whether the effect was present throughout the 
body; for this air was injected into the abdominal cavity. The technique 
was similar to that for the injection of air rmder the skin; much finer 
hypodermic needles were used and smaller quantities of air were injected. 
In all experiments, five in number, no definite effects were observed. 

Kg. 2 gives details of a typical experiment. The blood sugar in a rabbit 
fell, under the influence of insulin, from *108 mg. p.c. to *040 mg. p-C-. 
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the COj-tension in air m the abdominal cavity varied between 48 and 
50 mm Hg and the Oj tension between 29 and 32 mm Similar slight 



urns I Z t 3 h S k 

Fig 2 As Fig 1, but Oj and COj := tensions in air in obdominal canty Rabbit, 2 kgm 

variations of no definite character were obtained in the other four ex 
penments We, therefore, concluded that the efiects we had previously 
observed were not general but were localised near the skin and the 
mnscles 

Tht effect of laso constrictor snhstances The effects of subcutaneous 





MOWS 


3 Injection of 4 c c ‘'infnndin” at arrow and CO,=ten8ion8 m mm Hg in air 
under skm Same rabbit ns that of Figs 1 and 4 The obaerrationa on the extreme 
nght were made 24 hours after the beginnmg of the experiment. 


354 


J. A. CAMPBELL AND H. W. DUDLEY. 


when the pJ£ was about 7*4 dilatation was the most frequent result and 
the muscle often exhibited very marked twitching. Controls with the 
same preparations using a small drop of “Infundin” or adrenalin chloride 
invariably exhibited marked constriction. In other experiments, 20 in 
number, subcutaneous injection of insulin had no effect on the blood- 
vessels of the muscles even when enormous doses were given; small doses 
of “Infundin’’ or of adrenalin chloride administered in the same way 
produced marked constriction in these vessels. We concluded, therefore, 
that the effects of insulin on the gas tensions in air between the skin and 
the muscles were not due to constriction of blood vessels. 

SvmtAJtY. 

After subcutaneous injection of insulin in normal rabbits the curve 
for Oj-tension in air between the skin and the muscles follows the blood 
sugar curve; the effect appears to be localised and is not due to con- 
striction of blood vessels. Insulin also causes an increase of COj-tension 
in the same region, which lasts as a rule only a couple of hours. 

We are much indebted to Dr H. H. Dale and to Dr Leonard Hill 
for their kindly interest, criticism and advice. 
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STUDIES IN MUSCLE ACTIVITY. II. The influence of 
speed on the mechanical efficiency. By E. P. CATHCART, 
D. T. RICHARDSON and \V. CAMPBELL. 

(From the Institute of Physiology, Glasgow University.) 

The question of the relation between the speed at which work is done 
and the mechanical efficiency with which it is carried out is of importance 
in determining the relative metabolic cost to an operative of working at 
different speeds. Observations on the question are not numerous and 
the majority of the earlier ones are complicated by the fact that with the 
rise in speed there was also a rise in the external work done. The highest 
efficieneyfound, for example, by Laulanid(i), was 23*3 p.c. with a load of 
4kilos‘and a speed of 0*61 metre a second. With an 8 kilo load and a rate 
of 0*37 metre per second the efficiency fell to 20*7 p.c. and with a 12 kilo 
load and a rate of 0*24 metre a second it fell further to 17*0 p.c. 
Laulani^ has an interesting discussion on economic and mechanical 
optima or efficiencies. 

Benedictand Cathcart(2) also carried outa series of determinations 
with varying speed, in the majority of which the load was not kept 
constant. They found very good evidence that the mechanical efficiency 
diminished as the speed of performance (on a bicycle ergometer) in- 
creased. They also carried out a more limited set of experiments where 
the influence of speed alone on efficiency was examined, the amount of 
external muscular work done remaining constant. Here it was shown very 
definitely that a marked diminution in the efficiency took place with 
increase of speed. Thus when the heat equivalent of the muscular work 
done per minute was approximately 1*96 cals, per minute, the average net 
efficiency with a speed of 90 revolutions per minute was 22*6 p.c. and with 
a speed of 124 revolutions only 15*7 p.c.; with a heat equivalent of 
1'80 cals, per minute at 80 revolutions there was an efficiency of 22*1 p.c. 
and at 106 revolutions 17'7 p.c. The highest efficiency in their subject 
was found to be at the rate of 70 to 80 revolutions per minute. 

A. V. Hill(3), in a very interesting series of observations, which he 
made on the flexor muscles of the arm, corroborated in a very definite 
way the findings of Benedict and Cathcart. He noted that the 
VH. tvin. 23 
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efficiency passed through a definite maximum value as the duration of 
the contraction was increased. He found in practice that the optimum 
time of contraction was about 1 second. He also found that by decreasing 
comparatively slightly the time occupied in a muscular movement a 
serious loss of efficiency might be caused and that a comparatively large 
increase in time might cause only a small loss in efficiency. We are in- 
clined to accept the explanation of Hill that the more or less general 
agreement of practically all observers that the mechanical efficiency of 
man lies between from 20 and 25 p.c. is due to the fact that the maximum 
is “blunt.'’ i.e. that over a comparatively wide range of speeds the 
efficiency remains approximately constant. 

More recently Lnpton{4) working in Hill’s laboratory has deter- 
mined the optimum rates for two other types of work. He found for 
stair climbing that the optimum duration for a single contraction was 
about 1-3 seconds with an efficiency of about 24-4 p.c. He also determined 
the rate for the simultaneous contraction of the flexors of both arms and 
found a mean efficiency of 26-7 p.c. and a mean value for the optimum 
duration of a single contraction of I‘36 seconds. 

It is interesting to note in this coimection that the optimum or more 
efficient rates for two other types of movement have also been determined. 
Thus Cathcart. Hichardson and Campbell(5) found in their latest 
experiments on marching that, in common with several premous workers, 
the optimum rate was about 80 metres per minute or, if the pace be con- 
sidered, about 100 paces per minute. Stevenson and Brown(6> found 
that the optimum rate for shovelling was 17 to 19 throws per minute 
and for picking 25 to 30 strokes per minute. 

The present set of experiments were carried out on the variable 
ergometer recently described {<), in which a very wide range of speeds 
and loads could be obtained. Two thoroughly experienced subjects, R. 
and C., in perfect training, who had served for similar determinations of 
respiratory metabolism for well over a year and who were, therefore, 
thoroughly acquainted with the technique thus obviating one of the mam 
sources of error in this type of experiment, were used. R. was 174'5 cm. 
high and weighed 70-3 kilos; C, was 168 cm. high and weighed 6/'4 
kilos. Arm movements were alone used, the subjects taking every care 
to confine the movement so far as possible to the muscles of the arm. 

. Each experiment was of an hour’s duration and the rate of work was given 
by the beat of a metronome. 

\ The amount of external work performed in the course of an horn s 
eimeriment amounted in each instance to approximately 12.000 kilo- 



MUSCLE ACTIVITY 


357 


gram metres, but the rate at which the work was done as is shown m 
the foIIo^v^^g table (Table I) vaned wdely The whole series was earned 
out at the full stroke of the levers 


Table I Work done constant Speed, gear and load vanable Subjects R and C 



Metronome 
Load rate per mm 

Work done m 
kgm per hour 

Cah persq m 
X>er mm 

Grm cals 
per kgm 

Oxygen in c c 
per kgm 

Mechanical net 
efficiency 

Geai kiJo« 

R 

C 

R 

c 

R 

C 

R 

C 

R 

C 

R 

C 

Low 

1 5 

177 

177 

12,058 

11,638 

1 761 

1 9t7 

1C 87 

17 91 

3 21 

3 67 

13 89 

13 09 


2 

133 

133 

12,189 

11,892 

1 G8G 

1716 

15 3o 

15 31 

3 05 

3 09 

15 20 

15 31 


3 

8S 

88 

12,000 

11,754 

1 240 

1248 

11 40 

11 28 

2 27 

2 20 

20 oo 

20 79 


4 

OG 

OS 

11 844 

12,150 

1 153 

1273 

10 C7 

11 13 

2 20 

2 24 

21 40 

21 05 

\Ud 

I 0 

100 

100 

12 004 

12 006 

1 153 

1 108 

10 64 

0 80 

2 n 

201 

22 02 

23 93 


2 

75 

76 

11,088 

11 611 

1 253 

1 177 

11 60 

10 59 

2 32 

2 11 

20 20 

22 10 


3 


60 

12,294 

12,245 

1 09G 

12o8 

0 90 

10 91 

2 00 

2 18 

23 69 

21 47 


4 

37 

37 

ll.Olb 

11,952 

1 241 

1 539 

n 00 

13 09 

o 24 

2 7o 

21 14 

17 14 

High 

I j 

7J 

72 

11,052 

11,762 

1 102 

1095 

10 79 

9 90 

2 lo 

2 02 

21 72 

23 71 


o5 

66 

12,075 

12,285 

I 203 

13G0 

11 07 

11 

2 20 

2 36 

21 18 

10 04 


3 

36 

37 

11,075 

12,033 

1 198 

1 377 

11 10 

12 ir 

2 23 

2 47 

21 13 

19 32 


4 

27 

27 

11 OSS 

11,826 

1 450 

I 048 

13 27 

14 t>3 

2 71 

2 99 

17 73 

10 03 


As regards the 'work done, in spite of the variation in the rate at 

M hioh it was earned out, it wnll be noted that it is wonderfully uuiform 


The average per hour for R for the whole senes was 12,029 kgm , for 
the low gear it was 12,038, middle gear 12,051, and for the high gear 
11,998 kgm per hour In the case of 0 the general average was 11,937 
for the low gear 11,834, middle gear 12,004, and for the high gear 11,974 
This gives a general average of 11,983 for both series together The slight 
vanations m work done would seem to bear no relation either to the 
increase of load or to the diminution in speed 

When the relation of the speed of performance to the metabolic cost 
IS investigated it is very obvious both from the study of the cost in 
grm cals and the oxygen consumption per kilogram-metre of external 
work performed that the cost is heaviest at the higher rates of speed, 
that there is a reduction in the cost as moderate rates of speed are reached 
and that finally there is a rise when the rate becomes slower, t e as the 
static component during the performance of the work becomes more 
pronounced This is m good agreement with the previous observations of 
Cathcart, Bedale and AlcCallumlS) This variation in cost of course 
means that the mechanical efficiency with which the work is done must 
vary This is seen very clearly m the graph (Fig 1) which is built up 
from the total observations on both subjects The general result is that 
in these experiments with arm movements of a very simple order the 
maximal efficiency of practically 23 p c is reached with a rate of about 

23—2 
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80 to and fro movements per minute. Subjectively tbe subjects found this 
a very easy rate to work at and it agrees with observations which were 



made on another highly skilled subject of good physique and of similar 
build to subject C. who was allowed in a series of experiments to select 
his own rate of movement. 

When the individual subjects’ records are examined it is found that 
R.. apparently reached his maximum efficiency at a rate of 50 beats with 
a load of 3 kilos on the middle gear. The efficiency figure nearest to it 
is also on the middle gear with the 1*5 kilo load and at a rate qf 100 beats 
per minute. If this in reality be the highest value then it agrees with the 
observations on G. who was formd to reach his maximum efficiency with 
this load and rate. As the oxygen consumption value for the 3 Mlo load 
at 50 beats per minute with the middle gear seemed tc be rather low, and 
as the error, if any, did not lie in the analyses of the samples which were 
made in duplicate by two observers, this particular experiment was 
repeated in another series on R. The mechanical efficiency in this series 
was found to be in astonishing agreement with the first. In place of 
23-69 the repeat determination gave 23-7 p.c., the net grm. cals, per kgm. 
being 9-88 in place of 9-90 and the oxygen consumption per kgm. 1-99 
in place of 2-00 c.c. 

In this second series of experiments all three gears were used with 
constant load but at variable speed. This means, of course, that the 
amount of external work done increased steadily with the increased speed 
of performance. As the foUowing table (Table II) clearly shows there is 
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a very definite variation in the mechanical efficiency with which the work 
was done. 


Table II. Speed and gear variable. Brake load constant (3 kilos) Subject II. 
Speed 


Metronome 

Actual (wheel) re\s. 
per min 

Work done 
kgm per mm. 

Net gnn. cals 
per kgm. 

Oxygen m c c 
per kgm 

Net efQcieney % 

per min. 

Low 

Mid 

High 

Low 

Mid 

High 

Low 

Mid 

High 

Low 

Mid Bigli 

Low 

Mid 

High 

60 

1 256 

452 

61*7 

1151 

203 6 

291*1 

12 31 

9 88 

10 59 

251 

195 191 

191 

23 7 

231 

00 

305 

53 9 

76-0 

1371 

2425 

342 0 1 

10 67 

9 98 

10 83 , 

215 

1 09 1 95 

219 

23 5 

217 

70 

354 

62-0 

87*4 

159-4 

2791 

393 3 

10 13 

9 74 

1082 

203 

193 2 01 

232 

241 

317 


399 

718 

995 

170 6 

322 9 

447*8 

1006 

9 50 

11*06 

200 

1 86 2 07 

23 3 

247 

212 

00 

46 3 

833 

1119 

203 5 

374 8 

503 0 

10 60 

10 62 

10 50 

212 

2 09 2 03 1 

220 

221 

22 3 

m 

505 

695 

1269 

22M 

402 8 

571*0 

1018 

11 57 

1153 

204 

2 25 226 

23 0 

20 i 

20 3 

110 

651 

98 4 

137 4 

248 0 

442 9 

618*1 

10 81 

11 38 

11 77 

215 

222 231 

23-4 

20b 

19 9 

120 

(506 

1075 

— 

272 7 

483 7 



1160 

12 02 

— 

2 31 

2 35 — 

! 202 

19 5 



130 

659 

116 9 


296 4 

526 2 

_ 

1174 

12 09 



2 36 

237 — 

200 

19 i 


140 

71*1 

1235 

— 

319 8 

555 6 



1228 

13 98 

— 

246 

2 74 — 

191 

16 



150 

75 5 




339 8 





12 65 


_ 

2 52 



18 5 




IGO 

605 

— 

— 1 

362 0 

— 

— 

13 79 

— 

— 

2 74 

_ — 

17 0 

— 

— 


Gearratios* Low, 1:1; Mid, 1:1*7; High, 1 2-J 


If the low gear experiments be considered first it will be noted that 
the efficiency with which the work is performed rapidly rises from 
19-1 p.c. to a maximum of just over 23 p.c. when (with the exception of 
a single observation) a plateau would seem to be reached which covers 
the metronome rates from 70 to 110 beats per minute or in actual 
revolutions of the flywheel from 35'4 to S5 revs, per minute. In terms of 
external work done it means that there is little or no variation in efficiency 
between the production of 159-4 and 248 kgm. per minute. This plateau 
is followed by a rapid decline, the efficiency of production falling to 
IV p.c. with a revolution rate of 80-5 revs, per minute (met. rate 160) 
and the production of 362 kgm. of work per minute. 

In the case of the middle gear the maximum efficiency is reached with 
a metronome rate of 80 beats, i.e. a wheel revolution rate of 71-8 with the 
production of 322-9 kgm. per minute. There is, however, but little 
diminution in the mechanical efficiency with which the work is done with 
the slower rates tested, but the efficiency rapidly declines with the rise 
in the rate, the lowest efficiency, 16-8 p.c., being reached ivith 130 beats 
per minute. 

In the case of the high gear it would seem that the maximum efficiency 
is reached with the slowest rate of working tested with the production 
of 291 kgm. per minute, although there is an equally high efficiency 
obtained at 90 beats per minute. Speaking generally, one might say that 
there is more or less of a plateau ranging from 50 to 90 beats per minute 
with a subsequent definite decline. 
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It may be noted'tbat subjectively tbe Umit of sustained effort was 
not reached on tbe low gear at 160 beats per minute and tbe production 
of 362 kgm. of work, whereas with the mid-gear the limit was reached 
with 130 beats and the production of 526 kgm. per minute, and on the 
high gear the subjective limit was at 90 beats with 504 kgm. per minute. 
The subject was quite positive about these limits. If both the efficiency 
as determined and the subjective symptoms be taken into account the 
inference may be drawn that with arm movements the sustained pro- 
duction of between 500 and 600 kilogram-metres of work per minute is 
about the maximum which can be done by the average subject. A 
number of experiments have been carried out for another purpose on itill 
another subject very muscular and highly trained. He was tested on 
many occasions over one hour’s continuous work and frequently managed, 
with comparative ease, the production of 600 kgm. per minute, and on 
two occasions he managed with difficulty to do just over 40,000 kgm. 
in the hour or approximately 670 kgm. per minute. This subject found 
that his optimum rate of work for long periods was about 400 kgm. per 
minute. This meant, however, very steady and uninterrupted work. 

Incidentally in connection with the first series of experiments on E. 
and C. it is interesting to note the influence of muscular work on the 
respiratory quotient. In each experiment in addition to the pre-work 
lying value (the subject lay at complete rest before this determination 
for 35 to 40 minutes) three determinations of the metabolism were made 
during the course of the hour’s work. As the following table (Table III), 
•where the average r.q.’s of all the experiments are grouped under their 
re.spective gears, shows there is first a definite rise in the r.q. after work 

Table III. Variations in Eespiratory Quotient with work. Subjects R. and C. 

Work done, constant. 





Work determinations 

A 



Basal 

A 

(1) 20 minutes 
after start 

A 

(2) 38 minutes 
after start 

A 

(3) 57 minutes 
after start 

. A ^ 

Gear 

High 

Md 

Low 

Mean 

t 1 

E. C. 

•804 -835 

■818 -847 

•831 -820 

•826 

' E. C. ' 

■893 -901 

■900 011 

■949 -917 

■912 

r ^ 

R. a 

•896 ■886 

•884 ■900 

■921 ■906 

■898 

E. C. 

■886 -866 

•876 -882 

•918 ■887 

■885 


commences and this is followed by a lower r.q. in the second determina- 
tion and a still lower b.q. during the third determination. It is highly 
{ improbable that the definite rise in the first determination is due to 
^ pumping out of carbon dioxide as this examination was never made unt 
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20 minutes after the start of the working period when it is almost certain 
respiratory equilibrium had been regamed In any case both the second 
and third determmations were also higher than the pre work determina 
tion Benedict and Cathoart( 2 ), in the course of their e'rperiments 
observed a similar tendency in the behaviour of the l Q ’s m their highly 
trained professional subject during the work periods It would appear 
to be fairly conclusive evidence in favour of the selective combustion 
of carbohydrate induced by muscle activity 

Conclusions. 

1 AVhen the amount of work done m unit tune remained constant 
but the rate of performance varied it was found that the mechanical 
efliciency with which the work vv as done was low w ith very fast and very 
slow rates and high with medium rates 

2 The highest efficiency obtained for arm movements under the 
above conditions was about 23 p c 

3 The optimum rate of working would seem to be about 80 beats 
per minute 

4 When the amount of work done in unit time was allowed to vary, 
0 maximum efficiency of24 7pc was obtained at the same rate (80 beats 
per minute) of working 

6. The sustained production by arm movements of between 500 and 
600 kilogram-metres of work per minute would seem to be about the 
maximum output for the average man 

0 The performance of muscle work brought about a rise m the 
respiratory quotient above the pre work resting value 
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MITRAL INSUFFICIENCY. By B. T. BAERY. 


{From the Institut Marey, Boulogne-sur-Seine, and 
University College, Cork.) 

The question in wliat period or periods of tlie cardiac cycle regurgitation 
tkrougli a defective mitral valve may be set up experimentally is one 
wbich has exercised the minds of a limited field of workers in recent years. 
Some of those, as Wiggers and Feil(io), maintain that the back flow 
in an experimental lesion occurs chiefly if not entirely during the phase 
of ejection and for about 0-'08 of a second after the closure of the semi- 
lunar valves. Others, as Straub(8) and SchwaTtz(6), hold that it may 
be free in the isometric stage of systole, but in such event the early part 
of systole could not be isometric. The present ^VTiter has been for some 
two years past engaged in the investigation of mitral lesions in the dog, 
using the heart lung method of Starling which he believes to possess 
many advantages. A few only of the records of the experimental work 
are given in the present communication, the bulk of them \vill form the 
subject of a future paper. This communication deals chiefly with a case 
of heart affection in the human subject. 

As the optical recording method employed in the investigation gave 
somewhat different curves for the apex beat from those to which we are 
accustomed with levers, a normal cardiogram taken by the former method 
with sensitive tambours is first presented in conjunction with the arterial 
and venous pulses (Fig. 1). The vibration frequency of the apparatus 
generally employed was about 150 per second for the apex beat and artery 
while for the venous curves it "was less than 100. But the record is typical 
of the form got ^vith various vibration frequencies. There are four eleva- 
tions on the apex curve, numbered for convenience 1, 2, 3, 4. The first 
coincides wdth, or follows closely, the a wave of the venogram, the second, 
corresponding with the c wave, presents a notch at the top which 
apparently marks ventricular output. Succeeding this is a dip durmg 
ejection, followed by a third elevation on the top of which is a second 
notch about the point of closure of the semi-lunar valves. Then there is 
a dip and lastly a fourth or diastolic rise synchronous wdth the fall of 
the V wave of the venous record. What part of the cycle is represented 
by the second elevation of the apex graph at its inception? It varies 
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slightly in position in relntion to the c wave in different records according 
to the phase of respiration, position of tambour, facility of transmission 
to chest Wall, etc. but on the whole is fairly constant in coinciding with 
the c wave and therefore probably reveals the initial stage of ventricular 
systole in most normal tracings. \o. 1 may undergo slight shift by trans- 
mission. 

Fig 2 Fig. I. 



Fig. 3. 


F»p. 1. Optical lecoifl of \cnous puhe (bottom), apex beat (muldic) and carotul arterj’ 
(normal). Tune, 1/30 sec. in all figures 

Fig. 2. Venou'» (upper) and apex curves from n case of mitral disease m man. Contrast 
'Mtli Fur. 3 The last cycle in tins atUlcd after cutting nvay n good piece of record 
to bhow some change of form in ?[)c\ cur\e. 

Fig. 3 Mitral le&ion after oveicise and eating. Pulsus allminn^ in artennl cur\e (top) 
.■4 and C blended in venous curve (bottom). Large early C m avc shows regurgitation in 
“isometric” systole. Trouble V wave. 1st part communicated. 

A case of double mitral lesion in a youtli of seventeen years, kindly 
sent to me for instrumental examination by Dr Cagney showed some 
feature-s in the optical records which suggested the occurrence of back 
flow in the very earliest period of systole and presented some variations 
of records which are of much interest from another point of view. In the 
quiet resting position after a long period of inactivity wc see on the veno- 
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gram (Fig. 2) a distinct a wave, a fairly large and sharp c and a compound 
V wave. The c of the venogram precedes No. 2 elevation of the apex curve 
by a short interval (0—02 sec.) but there is a tiny separate elevation on 
this latter curve which corresponds to c. The main upstroke, No. 2, is 
still presphygmic, there being a delay in tension development and a delay 
in communication to the chest wall owing to a leak at c. Some evidence 
for this view will be given presently. 

A graph from tliis case of mitral disease after exercise and the taking 
of a substantial meal (Fig. 3) reveals certain features which can be best 
explained by early regurgitation. The first thing to note is that ptdm 
alternans has supervened where previously the beats were uniform. As 
occurs in this phenomenon generally, the heart cycles are uniform in 
duration; the arterial curves are unequal, and the venogram shows 
alternation of a discordant type. The a and c waves are now blended in 
the venous prdse (bottom), the c wave being shifted to the left of the 
ventricular rise of the cardiogram by about 0—06 sec. The c wave rises 
distinctly higher with the small arterial cycles than with the larger. This 
suggests a greater back flow in the smaller beats, and the leak would of 
itself account for a smaller volume being available for output in these. 
The origin of pulsus alternans is still hypothetical, but Gaskell’s idea is 
generally accepted, namely, that it is due to suppression of activity in 
certain groups of muscle fibres in alternate cycles (Lewis{5)). Alternation 
in the auricle accompanying that in the ventricle refers ordinarily to 
variation of auricular systole, not of ventricular elements in auricle 
curves; but it is just this latter form of variation which constitutes the 
chief peculiarity of the present record, because it is discordant with the 
ventricular change. Awaiting further e\idence to be presently given let 
us take it that early leak reduces the volume of blood available for out- 
put in alternate cycles and we may look upon this leak as a causative 
factor in pulsus alternans, but the question remains, why there should 
be greater back flow in alternate cycles. A glance at the carotid curve 
will show auricular systole or the a wave of the venous pulse on the 
upstroke, and this is larger on the larger cycles, from which it may be 
inferred that there is a greater output from the auricles in these. The 
cardiogram gives evidence of the same, and on the venous curve the 
thick part of the line running into c which represents the a wave is more 
sloped in the large beats and indicative of larger volume. The suggestion 
that fluctuation occurs primarily in the activity of the auricle, that of 
the ventricle being a passive effect of volume change, does not explam 
.^the condition. Mere change of force in the beat of the auricle would not 
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add appreciably to ventricular volume. It must seem anomalous that 
the greater back flow should accompany the weaker beat with the lesser 
input to ventricle, but the time and extent of closure of the auriculo- 
ventricular valves varies according to intraventricular pressure, as ne 
shall see in a moment, and this variation can accoimt for the pheno- 
menon. This view is supported by certain curves obtained in experiment 
which are to be explained only by variation of valvular efficiency. To 
complete the analysis of this record it is to be noted in the venous cur\ e^ 
that there is a double v wave or rather that the v is preceded by an extra 
elevation. This supplementary rise alternates in concord with the arterio- 
gram and must be looked upon as a communicated impulse from the 
arterial side. 

Wiggers and Feil(lO) in their investigation of regurgitation pheno- 
mena relied upon a difference of .slope of the ventricular curve of pressure 
as a necessary accompaniment of presphygmic back flow which must 
prolong the “isometric” period of systole. But the height and duration 
of the ventricular element of the venous curves must be taken as having 
considerable value in the same direction, and especially is this so when 
augmentation of this element coincides with the lower intraventricular 
pressure in the condition of alternating pulse. It may be said that the 
lower pressure is merely the result and in no way the cause of the greatei 
leak which gives rise to the augmentation of the element, if this last point 
is conceded, but with uniformity of valvul.rr defect in all cycles we should 
then have to ascribe increase of back flow to increased tniltal volume, 
which, considering the reduced output in these cycles, would be a greater 
anomaly than the causation of bigger leak by smaller volume. For the 
realisation of the latter alternative it is necessary to suppose that the 
aperture in the valve is bigger in the small cycles than in the large, and 
this will be shown to be not merely possible but very probable in this case. 
As long as the valvular defect remains uniform the greater leak must be 
with the greater force and volume in the ventricle, and so too for the 
output to the arteries. Another possible factor, namely fluctuations of 
resistance from auricular pressure changes, has to be mentioned, but 
there also an early leak from the ventricle must be granted to account 
for it. It may be that primary inherent fluctuation of auricular activity 
would determine a greater back flow in small than in large beats with no 
variation in size of the opening, but it must be remembered that the back 
flow is not synchronous with auricular systole during which the pressure 
differences would be marked. If the increase in size of the ventricular 
element of the venous curve were accompanied by a rise of ventricular 
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pressure it could be the result of an extra push against the "closed valves, 
but occurring with reduced pressure it can only be due to regurgitation. 

Increased slope of the intraventricular curve in the presphygmic 
period can be seen in regurgitant cycles of an alternating record from an 
experimental lesion (Fig. 9). And this slope does away with any idea 

Fig. s. 



Fig. 4 

Fig. S Successive bents 2. 3 and 4 shon inci-oasing volume of back flou. Legion set up 
at -V. The figures inibcate i entricular pressures. 

Imc: 4 Increase of \ enous flow affects auricle curve (upper) but bus little effect on ventricle. 
Xoto carefully the outline of ^ entricular upstroke. It shows different degrees of slope, 
the central tbin part of the line marking the isometric phase. 


tliat the larger r wave, or its equivalent deflection, may be due to a rapid 
rise of initial tension without early back flow. Such difference of slope 
ina)' not be so marked, however, and the fraction of time lost in the 
ventricle can only be detected in simultaneous aortic curves. In some 
aortic curves in tlie present experiments delay in the opening of the valves 
could be detected when early regurgitation w^as supposed to exist (Fig. 5), 
and -this wdth or without apparent change of slope in the ventricle line. 

The drop in auricular pressure, the downstroke of the ventricular 
'element of it, has been considered dififlcult to explain in early back flow 
(Wiggers and Feil), as the pressure should remain up through the 
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sphygmio period. But a sudden diminution of force of tlie regurgitant 
jet such as must be caused by the opening of the arterial side path should 
be sufficient to cause a quick fall. 



Fig. Intra\cntrjciilar pressure (lower) and anrtic pressure curves 
Regurgitation at arrow. 


Exercise and food did not always induce pulsus aU€rna7is, but some- 
times gave rise to irregularity of rhythm, premature beats, etc. (Fig 6). 
Records of the heart sounds (Fig. 7) from different parts of the chest 
wall gave a well-marked second sound with some slight appearance of 
first sound in alternate beats. 

Wiggers and Feil produced some very convincing records in support 
of their view and their interpretation of them is, I consider, quite sound 
In criticising their work I aclcnowledge mucli inspiration derived from it 
Other things, however, may happen than those which they disclosed. 
They could not provoke the same type or degree of change that one can 
provoke with the heart-lung method. The infusion of saline fluid for 
var3dng the venous flo’W is not to be compared with that of blood, which 
obviates changes of viscosity and composition and differences of tem- 
perature. The blood cools rapidly in the lungs even with well-warmed air 
for respiration and the temperature of the body does not alvrays indicate 
that of the blood in the left side of the heart. Slight change of tempera- 
ture may affect the heart considerably, and these are entirely excluded 
by artificial circulation. Gradation of aortic resistance can also be much 
more finely effected. Gradation of the amount of leak is an aspect to 
which I have devoted particular attention. Having first used a catheter 
for the production of the lesion as mentioned elsewhere (i) I discarded this 
for a tube and plunger such as described by Wiggers and Feil. This has 
been inserted not through the ventricle, as they did, but through the 
auricular appendix. The clamping of two rigid tubes in the ventricle, 
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for the manometer must also be clamped, should at least hamper the 
shortening of a band of muscle fibres' stretched between them. The tube 

Fi". 0. 



Fig. C. Venous and arterial curves from a ease of mitral disease after food and exercise. 

Irregular pulse — no alternation proper. 

Fig. 7. Record of heart sounds (centre). First sound absent. 


used had an elongated or slit-like opening which could be uncovered to 
any desired extent by partial or complete withdrawal of the plunger, and 
so cause large or small leak. The clotting of blood in natural conditions 
is also a disadvantage. 

So far as these experiments have gone they indicate that leakage 
through the mitral valve can occur in any phase of ventricular systole 
from the earliest moment of increased tension, and that in certain con- 
ditions of auricular and ventricular pressures the tendency to early back 
flow increases with increase in size of the leak. The lower the amide 
pressure, or the greater the difference between it and ventricular pressure 
thi\ more easily does presphygmic regurgitation occur, but low ventricular 
volume per se favours it. Curves taken with a gradual increase of lea 
by slow withdrawal of the piston usually show in successive cycles- not 
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only a graded increase in auricular pressiure from back flow but a gradual 
shortening of ventricular time in causing it (Fig. 8). On the other hand 
with 'a fair sized leak when the difference of pressures in auricle and 
ventricle is not marked the time corresponds pretty well with that of 
Wiggers and Feil and is to some extent an indication of compensation 
taking place. Compensation is more difficult to establish with early than 
with late back flow. The gradual reduction of the time in the present case 
occurred with a flow of little more than 200 c.c. per minute, an auricular 
systolic pressure of about 0 cm. of water and an arterial pressiue of 
80 min. of mercury. The intraventricular pressure fell from 100 mm. of 
mercury to 80 on setting up the' full leak. The aortic pressure which 
corresponded exactlj' with the regurgitant cycles could not be determined 
but the fall wa.s at first slight and the pulse pressure available must have 
been very low. These conditions may be considered exceptional but 
similar ones can occur naturally. In them compensation of a small leak 
may be easy, of a large one impossible. When the auricular pressure is 
high, regurgitation is slight in the early phase of systole with an artificial 
lesion, but with a large leak there is always indication of it at least for a 
few beats after the lesion is set up. It is not purely a question of difference 
between auricle and ventricle pressures; the size of the opening which 
remains patent and the degree of resistance offered are also factors in 
determining the time of leakage. The pressures were measured against 
a mercury manometer. Shifting of the beam could always be detected 
by closure of the bottom tap of the manometer and opening the top one, 
which at once gave zero pressure within it. 

Of more interest in the present connection than the last mentioned 
experiment is the result of another in which pulsus alternans supervened. 
It resembles in some features the case of natural valvular disease already 
dealt with. This record (Fig. 9) raises again the question of what closes 
the auriculo-ventricidar valves. Henderson and J ohnsonit) reopened 
this in 1912. They considered the closure to be due to the cessation of 
the auricular jet as was suggested by Baumgarten in 1843(2). 
Hen-derson and Johnson believed they effected closure in a model by 
this agency and argued that if it were not so, some regurgitation must 
occur in the very early phase of systole. Wiggers(9) is of an opposite 
opinion; he maintains that the final closure of the valves is due to the 
rise of intraventricular pressure but that it occurs so readily that re- 
gurgitation does not take plaee. If the valves were sealed only by the 
rise of intraventricular pressure the presphygmic period of contraction 
should not be considered altogether isometric, even if there were no 
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regurgitation, but Wiggers thinks it is not worth while dividing this 
phase into two. Straub (7) holds that auricular systole causes distinct 
increase in ventricular volume, and closure of the auriculo-ventricular 
valves gives rise to variation of ventricular volume curves according to 
the preponderance of push or pull upon them — push from the pressure 
developed and pull from the contraction of the papillary muscles. The 
pull is necessary for efficient closure to counteract the effect of the push 
and the question very naturally arises if the converse be true or not. 
Careful inspection of normal curves of auricle and ventricle taken by the 
optical method in the heart-lung shows three phases on the upstroke of 
intraventricular pressure {Fig. 9), a lower thick portion, the itpper limit 



Fig. 9. Pulsus altemans wth alternation of mitral beat in experimental lesion. Explained 
in text. The time record and the apices of the curves which cut it have been slightly 
retouched. Cycles -25 sec. and -32 sec. 

of Avhich corresponds with the beginning of the ventricular element of 
the auricle curve, a middle thin part more vertical, the upper limit of 
which corresponds with the tip of the ventricular element, and a third 
thick portion with increased slope. It seems clear that the first part 
represents a phase of systole which is not isometric, a part during which 
the a, V valves are being pushed up into position, the second represents 
isometric contraction mth both valves sealed, and the third marks 
output. There is no evidence of early leak either with moderate inflow 
(beginning) or with large return (end of record). 

On the view that the valves are only fully closed by the rise in pressure 
and accepting the opinion that it does not cause early back flow in healthy 
conditions, leakage can, however, be easily conceived as occurring with 
defective closure in the phase referred to above as isometric. Hender- 
son(3), in contradistinction to Straub, thinks that the contraction of the 
auricle increases ventricular volume only to the extent of a few drops and 
Wiggers agrees, apparently, with this.' Now there are certainly variations 
bd auricular force and tidal flow in valvular defect which must have some 
effect on ventricular volume, variations which may occur naturally m 
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disease and'which can be produced experimentally. The form of pulsus 
altemans set up in this way (Fig. 9) is best explained by the regurgitation 
tube having been inserted rather far so that its opening engaged in the 
auriculo-ventricular valves in alternate cycles. There is alternation of 
ventricular pressure with evidence of back flow in the lower beats, and 
this not only in the sphygmic period but in the early phase of systole as 
8ho^vn by the larger ventricular wave of the auricle curve. At the end 
of each of these regurgitant cycles there is a marked fall of auricular 
pressure and a big flow to the ventricle, a consequent higher ventricular 
pressure and a sealing of the leak in the next beat by more effective 
closure of the av valves. The valves are better closed by the higher 
pressure, which raises the cusps just on to the opening and covers it. 
With such a leak any sudden variation of flow may sGtnp pulsus altemans, 
which in this particular case must be looked upon as being caused by 
the valvular defect rather than by an inherent fluctuation of muscular 
function. But the condition occurs independently of valvular defect and 
with the heart-lung indicates a failing preparation. Fluctuation cannot be 
eliminated as a cause, 

We see again in this record the discordant type of alternation with 
the higher c wave or ventricle element accompanying the lower pressure 
and therefore certainly not due to greater push against a sealed valve. 
There are many features of similarity to the clinical record above, with 
this difference, that in the latter we have abnormal cycles throughout 
but -of a different degree, whilst in the experimental record normal 
alternate with abnormal. While in the clinical instance fluctuation of 
function may be the main cause of the condition it is yet possible that in 
it too, a mechanical factor is involved. It is natural to look upon the 
peculiar relation of greater leak and lower pressure as in some measure 
being one of effect to cause, the leak being diminished by better floating 
of the valves with larger volume of blood in the ventricle in the other 
beats. Although the difference may be slight as it is in the experimental 
case it may he just sufficient to upset the balance between push and pull 
in closure. In the clinical case, looked on in this way, a sudden increase 
of flow from auricle to ventricle may set up pulsus altemans, by tending 
in a given cycle to close the aperture to smaller dimensions and thus 
leaving a larger volume for output. A reduced flow in the next beat or 
two would mean greater back flow and again a larger volume in the 
following beat and so on. Exercise and food caused on another occasion 
not typical alternation but irregularity with premature beats, etc. (Fig- 7). 
Premature heats in experimental lesions always show early regurgitation, 
and this sometimes whether the opening in the tube be uncovered or not. 
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The auriculo-ventricular valves do not grip the tube and leave a leak 
beside it. It is hard to understand then how the premature beat or extra 
systole could be a factor in compensation as Schwartz(6) suggested. 

After this paper was sent for publication, it was suggested to me that 
the deflection in the venous clinical record which I have described as a 
compound a and c wave, is a purely auricular element or exaggerated « 
wave. The suggestion appears to me rmtenable on the following grounds; 
(1) there was a shift of the C wave, with shortening of A-C interval, to 
the left of the apex line (cp. Fig. 2), and further shortening occurred with 
food and exercise until C ran into A (Fig. 3) ; (2) the form of the deflection 
with two different degrees of slope shows the presence of two factors; 
(3) the suggestion is not in accord with the variation of auricle beat as 
seen in carotid record, the stronger auricle contraction coinciding with 
the smaller wave; and (4) it is not in accord with change of output, the 
smaller output accompanying the bigger wave. 

Summary. 

Some normal and abnormal optical records of the heart, venous and 
arterial pulses are shown from human beings, and from the heart-lung 
preparation of the dog. 

Records of mitral regurgitation in man offer evidence of leakage 
occurring in the early or so-called presphygmic period of systole. Those 
of artificial lesion in the dog afford similar evidence. 

The volume of fluid regurgitated is in some measure accountable for 
the time in which back flow occurs, and this is especially so when the 
difference between auricular and ventricular pressures is marked. 

Some evidence is provided in support of the view that the auriculo- 
ventricular valves are finally sealed as a result of the rise of ventricular 
pressure. 

A mechanical explanation of the condition of pulsus aliernans by 
alternating efficiency of the mitral valve is suggested without prejudice 
to the view that it may occur from inherent fluctuation of muscular 
fimction. 
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More specifically the elastic body theory in its original form states that 
if a muscle is able to shorten to a length I, under tension T, then if stimu- 
lated at a length I it will develop a maximum tension T. In other words 
the maximum tension of the stimulated muscle is dependent only upon 
its length (compare an elastic band). This is true for a muscle stimulated 
Avith a tetanising current of sufficiently long duration to permit it to come 
into equilibrium Anth its load. The time occupied, however, by the muscle 
in passing from a given length and tension characteristic of the muscle 
as a resting elastic body to a length and tension characteristic of it as 
an active elastic body (imder prolonged stimulation) varies Anth the 
mechanical conditions. Hence it happens that for twitches or short 
tetani, relaxation may set in before the transformation is complete. In 
other Avords a muscle, Avhich in a twitch or short tetanus can develop 
a tension T at length I (isometrically), may not have time to shorten to 
length I under a tension of T (isotonic). This is a particular case of the 
more general proposition demonstrated by a^. Kries(4), Pick(5),.Blix(6) 
and Seemann(7) (cf. also Bethe(8)) that tension is not a simple fimction 
either of length alone, or of length and time (after stimulation), v. Kries 
in particular had the idea that the mechanical changes in contraction 
actually affected the rate of the chemical processes underlying the con- 
traction, but his eAudence for this conception was hardly conclusive. 
These facts in themselves largely disprove the original elastic body theory, 
or at least they necessitate so many qualifications that it loses its useful- 
ness as a simple means of analysis. Fick(9) alone among preAious Avriters 
has doubted the fundamental conception at the root of the theory which 
postulates a development of elastic potential energy at the moment of 
stimulation, at the expense of which work can be performed so long as 
this new elastic state is maintained. My own experiments confirm Pick 
in this respect and suggest that a stimulated muscle, although under 
considerable tension, may possess very little elastic potential energy , and 
that the energy necessary for shortening {i.e. for work) is liberated as the 
shortening proceeds. Thus, in order to lift a weight to a given height and 
to perform work, W, it is not enough to liberate energy A to set up the 
tension and energy Bt to maintain it during the shortening; in addition, 
an extra amount of energy JcW must also be mobilised. It is hard, 
therefore, to escape from the couAriction that the actual motive poAver 

is /-If. ... 

The old and the new theories of the nature of muscular actiArity m 
the performance of work may be exemplified by the folloAving 
— noting a weight; {a) work may be done against a spring? 
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which may then be allowed to shorten and lift the weight; (6) the weight 
can be raised directly by means of a chain and windlass. In the latter 
method every link of the chain which is wound up involves the ex- 
penditure of so much energy at the moment of winding. The chain may 
bo under great tension, but being inextensible it possesses no potential 
energy. From the point of view of the energy exchange the shortening 
of a muscle appears to be analogous to the windlass and chain rather than 
to the elastic band or spring, although it may partake to a limited extent 
of the characteristics of the. latter. 

2. Experimental analysis of the excess energy, kW. 

Under the experimental conditions previously described (3), a muscle 
which liberated excess energy, iTF, in the performance of work, IT^ both 
raised and lowered the weight, so that the work W reappeared as heat 
in the muscle in relaxation. It was conceivable therefore that part (G) 
of kW is due to shortening in contraction, and part (R) due to lengthening 
in relaxation; thus, 

E==l + kW=I+C+R (3). 

Two methods will now be described by which 0 and R can be directly 
and separately determined. 

A. The measurement of R directly and of C by difference. The method 
consists, in general, in measuring the variations in total energy output 
caused by lowering increasing weights. More specifically, it involves two 
series of observations, (a) and (b), taken alternately with varying loads. 

(a) The muscle is stimulated with a short tetanus and shortens a fixed 
distance, s, isotonically, under tensions Tj, T^, T^, etc., lowering the 
corresponding weights in relaxation. The variations in heat observed 
are- thus due to both 0 and R. The total heat recorded on the galvano- 
meter represents the total energy liberated, E^, and 

E„'=l + (C-l) + R W. 

Z is that small fraction of the energy IF of the weight falling in relaxation, 
which is not absorbed by the muscle as heat but is wasted as heat in the 
apparatus by friction and impact. Measurements show that this is small 
enough to be neglected (op. Table IV). 

(b) The muscle, previously slightly stretehed, is caused to shorten 
the same fixed distance, s, just before stimulation and under no tension, 
and to lengthen in relaxation under varying tensions, T^, Tg, etc. 
Under these circumstances there is no energy change associated with the 

21—2 
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shortening, except for the small loss, p, of potential energy by the resting 
muscle, and a thermoelastic cooling, e, as shown by Hartree and 
Hill(iO). In relaxation the energy W of the falling weight is absorbed as 
heat by the muscle. Hence the total energy, Ej,, measured as heat is: 

I 

{p - e) + I + R + {W -1) - ip - e) + R + {W -1) (5). 

The quantity {p — e) appears both in the shortening and in the length- 
ening process, but with opposite signs so that it cancels out. /,the average 
of the isometric heat in both positions, can be determined. Hence, 
knowing Eb and W, the value of R can be calculated. Knowing R and I, 
0 can be determined from Ea in equation (4). It should be noted that in 
case (a), equation (4), the energy IF, although appearing in relaxation, 
is actually expended by the muscle in contraction and is thus a part of C. 
In order to compare Ea and E^ it is necessary that the stimulus, initial 
length, initial tension and amount of shortening allowed be the same in 
all cases. Hence after-loaded limited contractions have been used. For 
the observations of Kj a magnet was arranged to raise the weight to the 
fixed height just before stimulation, and to return it to the muscle for 
lowering, so to speak, when the muscle tension had reached its maximum. 
The muscle, therefore, is stimulated at its shorter length and “discovers” 
in relaxing that it must lower a weight. By permitting the muscle to 
shorten just before stimulation the correction {p ~ e) can be made to 
cancel out, so that it does not record on the galvanometer. 

The special lever used in these experiments and in many of those 
reported previously is shown in Fig. 1. It is essentially an ordinary lever 
of the first class; the weight is hung 7 mm. from the fulcrum at one end 
and the muscle pulls do^vn 28 mm. from the fulcrum at the other. By 
means of the screws S and L under opposite ends of the lever the amount 
of shortening or lengthening of the muscle can be confined within the 
desired limits. The attachment, T, for releasing the lever is not used in 
this experiment. The only other feature of the apparatus which is 
essential for the present purpose is the beU magnet above the lever. The 
electric circuit through the magnet was closed-, however, not as shown in 
the figure but by a special key on a revolving drum, so that the moment 
of closure could be timed to within *005 second in relation to the moment 
of stimulation. "When the circuit is closed, the weight end of the lever is 
lifted rapidly until the lever strikes the screw S. The muscle is thus per- 
mitted to shorten tmder no load. When the circuit is broken by the 
opening of another key, the weight becomes free to faU and stretch the 
muscle imtil the lever hits the screw L. The whole lever is mounted on a 
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stand with a screw adjustment, so that its height above the muscle can 
be regulated. 



1. Muscle lever and ottachmenta The lever is of light brass mth a bamboo imtmg 
tip The support is also of brass, m represents the muscle attached to the lover and 
resting on the thermopile, Th, which is connected to tho galvanometer, 0 The stimu* 
lating electrodes, Hun , are applied to either end of the muscle C is a counterpoise 
which holds the movable attachment, T, m position against the lever where the 
shoulders, a and 6, servo to prevent the weight from falling or rismg respectively, 
accordmg to the desire of the experimenter. On the screw, S, is an ebonite cap bearing 
a contact point which makes eloctrica! contact with tho lever when it is pulled down 
and thereby operates the bcU magnet above the Ie\er. The brass release mechanism, T, 
is operated by tho bcU magnet below tho lever Tho weight, vt , is bung on a wire 
passing through a hole in the support. L and S are set screws (cp also Text) 

In all six complete experiments of this type have been performed^. 
A typical one is shown in Fig. 2. The experimental points Ea and Ej, 
(equations (4) and (S)) are indicated by circles. The isometnc heat is 
given in both the long and the short positions. The average may be used 
in the calculations. It should be noted that the axis of abscissse in the 
figure does not represent the zero ordinate, and hence that the excess 
heat, EWy is really fairly small compared to the isometric. The excess 
heat, hWf is represented by the vertical distance between E^ and the 
isometric; it consists of two parts C and R associated ^vith contraction 

* In addition positive values for {E^ — JS*) for single ivcights have been found in a 
considerable number of other experiments 
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and relaxation respectively. Part of C is W, the mechanical work per- 
formed, The relative values of 0, W and R are dependent upon the 



Fig. 2. Variationa of C, R, i'lr and TF with variations in load. kW is the excess energy 
for the combined process of raising and lowering; W is the work; G and R are the 
fractions of it IF associated nith contraction and relaxation feapectively. Duration 
of stimulus 0'2 second. Weight of muscle 0-33 gm. Temp. 0” C. Muscle shortens 
2-4 mm. in each case. 


accuracy of the calibration but the rather considerable variations observed 
in different experiments, particularly in the values of R, are too great 
to be explained in this way. The fact, however, that Ea > is entirely 
independent of the calibration, and proves that in shortening tmder a 
load the muscle liberates as heat a certain amount of energy (O-W) 
in excess of the isometric, in addition to the energy, TF, which is stored 
in the weight as potential energy. The value of {E^ — E^,) or {0 - TF) 
increases slightly with the load, but does not diminish to zero at zero 
load if the dotted prolongations of Ea and E^ are correct. This suggests 
that a considerable part of (C — TF) is associated with the frictional loss,/, 
involved in the change in shape of the muscle. If (C — TF) equals/ then 
the simple conclusion can be draAvn that the excess energy, ^TF, associated 
with contraction is equal to the sum of the external work, TF, and the 
internal work, /. The difference between Ea and Ej can hardly be due 
to the fact that the muscle is stimulated in the long position in the former 
and in the short position in the latter because, to judge from the isometric 
heats in the two positions, E^, should then be larger than Ea- The fact 
that the reverse is true at zero loads indicates that shortening without 
tensioninvolves a greater expenditure of energy than tension 
without shortening. 
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The most important new point in connection with Fig. 2 is the 
existence of R, the excess energy associated w ith the lowering of the weight 
in relaxation. The existence of such an effect has occasionally been de- 
bated (Frank(ii)) but no convincing experiments have been forthconung, 
chiefly on account of the difficulty of expressing both heat and work in 
the same units. To verify this result I have conducted on 14 muscles 
24 series of obseryations similar to those in the E,, series, Fig. 2, in which 
the conditions of stimulation and contraction have been constant, while 
the loads lowered in relaxation have been varied. The work, W, done on 
the muscle by the weight in falling also has been calculated, and E^ 
has been found to increase more rapidly than could be accounted for by 
the increase in W. Thus (E^^ — Ei^) > (ir„ — If,), where E^^ and If, 
apply to the smallest weight used and and lf„ to any larger weight 
This result has been obtained invariably in ten out of the 14 muscles 
used : it is perhaps significant that I have never failed to obtain it except 
during the summer months when the temperature was higher and the 
frogs were in very poor condition. 

In Table I the results of four typical experiments of this sort have 
been collected, all of which show an extra liberation of energy involved 
in lowering the various weights. It should be noted that this excess is 
calculated on the assumption that R — 0 with the smallest weight. Both 


Table I. Increased heat due to relaxing under increasing weights 


Exp. A 


Increase 
m work 

ir„-2i 

Increase in heat 

i,^-G93 

£;j^-633 

14 

44 

52 

28 

73 

75 

42 

120 

lie 

56 

145 

— 


0 31 gm.; 0° C. 


Exp B 


Increase 

Increase m heat 

in work 

A 



£t„-728 

Wn - 15 

^4^-729 

15 

21 

20 

31 

60 

51 

46 

85 

102 

G1 

135 

116 

67 

147 

— 


0 26 gm , 8 2” C 



Increase 
in -work 
1^-47 

38 

76 

113 

150 


Ezp C 

Increase in heat 


£*^-2040 JFfr^-1340 

ir,-i3 

£t^-910 

159 80 

14 

3 

345 218 

41 

81 

384 233 

68 

113 

449 — 

95 

162 

0 54 gm , 9 7® C 


0 17 gm ; 16" C 


Exp D 

Increase m heat 


Ei^-ns 

30 

89 

108 


i>utn neat ana worK are given m unus iw -- 

0 2 second in each case 'with a current of suitable strength from the altemat g 
mams The weight of each muscle and the temperature are given under each ex^nment 
Two senes of observations with each muscle are recorded Each of these is the g 
two readmgs, one m the ascending, the other in the descending order of weig s 
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Pig. 2 and Pig. 3 make it probable that R>Q even for zero loads, so that 
the values of - (TF„ - Tfj) from Table I are probably less 

than the true value of R. The first column shows the increase in work with 
increasing weights, above that involved in lowering the smallest weight, 
i.e. W„ — W^. In this case the work is done by the, weight upon the 
muscle. The second and third columns give the corresponding increase 
in heat Pb„ — as observed in two duplicate series. The second and 
third columns are, with a single exception, larger than the corresponding 
values in the first column. The effect of fatigue becomes evident when the 
two values of P^, for each experiment are compared. Patigue was least 
in Exp. B, Pbj decreasing from 729 to 728 only, and was greatest in 
Exp. C, where Pj^ fell from 2040 to 1340. Because of fatigue the observa- 
tion with the highest weight in each second series had to be omitted. 
The existence of R cannot be explained by an error in the calibration, 
for R is usually larger than W and a 100 p.c. error in the calibration is 
impossible. 

The interpretation of R, the excess heat associated with lengthening 
of the muscle in relaxation, is difficult but it is probably misleading to 
regard it as an expression of an “effort” made by the muscle in lowering 
the weight. It may be suggested rather that it is best correlated with the 
time at which lengthening begins. Thus the larger the weight the earlier 
in relaxation the stretching begins and the greater the tension of the 
muscle during the stretching. It is because of this greater tension with 
the larger weights that the muscle is able to absorb as heat all the energy 
liberated by the various weights in falling. 

In a previous paper (2) it was found that the excess energy involved 
in work on an isotonic lever was 1*8 times the work performed, while the 
corresponding figure for an inertia lever where the work was not. re- 
absorbed as heat in relaxation was only 1*3. This difference is doubtless 
due to the excess energy liberated in lowering the weights in relaxation 
and is good indirect evidence in support of the experiments just described. 
Thus I'SIP -f P — T8Tf. The figures are approximate only. 

B. The measurement of C directly and ofRby difference. This method 
consists essentially in letting the muscle lift increasing weights through 
the same interval. After being lifted the weights are held up by an 
electromagnet so that the muscle does not lengthen again in relaxation 
and the galvanometer reading is taken with the muscle in the short 
position. The muscle is also calibrated in that position after the ex- 
periment. The electromagnet is arranged above the lever as shown m 
Pig. 1, the circuit being closed as soon as the lever makes contact with 
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the insulated metal cap on the screw S^. This circuit is broken again by 
hand after the galvanometer deflection is taken. 

In an experiment of this sort the heat, H, recorded by the galvano- 
meter is given by the formula: 

// = / -I- C - IT -f- (p - e) (6). 

The energy, IF, actually used in lifting the weight is stored in the weight 
as potential energy and does not appear in the muscle as heat. The total 
energy, E, liberated by the muscle in the contraction therefore is 

E^H+W-('p-c) = l + 0 (7). 

Usually H turns out to be roughly" constant, indicating that the increase 
m heat with increase in load is just equal to the increase in work done. 
It does not mean, however, that the total excess heat, C (associated with 
the shortening), is equal to the work done, IF. It may be observed that 
part or all of the energy C — IF -f p has been expended by the muscle in 
changing its own shape, i.e. in doing work, / (frictional loss) upon itself, 
which of course appears finally as heat in the muscle. So far it has not 
been possible to measure / directly in the stimulated muscle but it does 
not seem impossible that C = IF -f-/— p, i.c. that the excess energy of 
the contraction phase is equal to the total work, external and internal, 
"which is performed, after making the small correction, p, for the potential 
energy lost by the resting muscle in shortening. 

Data of this sort are given in Table II. For each experiment the 
work, IF, done by the muscle in lifting the various weights and the 
corresponding amounts of heat, H (equation (6)), liberated as such in the 
muscle have been tabulated. The total energy, E. is equal to the sum of 
the work and the heat, minus the small correction (p — e). The shortening 
of the muscle was about 3 mm. in every case. In all these experiments the 
heat remains practically constant, or at least the variations of heat are 
small compared to the variations in work done. There is a fairly well- 
marked tendency for the heat to decre'^se with the highest weights. Later 
experiments with certain of these same muscles, when they were more 
fatigued, showed a decrease in heat with increase in weight. Two other 
muscles showed a decrease in heat even when first dissected. This also 
may have been an effect due to the poor condition of the muscle, for 
many of the muscles were unfit to use even when first put on the thermo- 
pile. The work in these exceptional cases must have been performed, in 

^ The kinetic energy of the weight when the lever hits the screw S and makea electrical 
contact has been measured from its velocity as obtained from records on a moving drum. 
It is so small that it has been neglected. 
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part at least, by tbe energy mobilised in an isometric contraction. In 
fatigue tbe whole mechanism by which excess energy is liberated for the 
performance of work seems to be eliminated, as I have observed in many 
experiments. 

Table II. Heat production when varying loads are lifted a constant height. 



Exp. A 

Heat 

A 



Exp. E 

Heat 

A 


Work 

r 

a 

h 

c 

Work 

f 

a 

b 

c 

0 

117 

92-1 

63-6 

0 

71-9 

214 

98-9 

1-0 

116 

91-4 

66-0 

1-3 

74*4 




2-1 

117 

93-8 

67-2 

2-7 

74*8 

214 

98*0. 

3-2 

124 

— 

— 

5-4 

73*7 

217 

99*1 

4-2 

119 

93-4 

66-4 

8-1 

70*4 

219 

102*2 

6-2 

125 

89-9 

61-4 

10-8 



219 


8-4 

115 

92-9 

— 

13-5 


212 


10-5 

120 

90-6 

— 

16-2 



209 

— 

12-7 

117 

89-6 

— 









14-8 

118 

— 

— 

— 

— 

— 

— 

0-2 

sec.; 12-7° 

C.; 0-27 gm. 


0-05 sec. (a and e); 
0-22 gm. 

0*2 sec. 

(b); 14° C. 


Exp. C Exp. D Exp. E 


Work 

Heat 

Work 

Heat 

Work 

Heat 

1-4 

98-4 

. 0-7 

94-3 

5-0 

215 

2-5 

100-8 

2-1 

95-4 

12-8 

219 

6-4 

100-5 

4-8 

94-8 

19-6 

220 

8-1 

99-3 

7-5 

94-1 

26-3 

224 

10-9 

97-7 

10-2 

95-7 

— 

— 

— 

— 

12-9 

91-9 

— 

— 

0-2 sec.; 15° 

C.; 0-12 gm.; 

0-2 sec,; 

15° C.; 

0-2 sec, ; 17 

°C.: 

isom. 88-5 x 10’ ergs 

isom. 93-4 x 10’ ergs 

isom. 205 x 10’ ergs 


Work and heat are given in units of 1000 ergs. Duration of stimulus, temp, of the 
muscle, weight of the muscle between electrodes are given where possible. The isometric 
heat where given applies to the short position of the muscle. Each figure is the average of 
two series taken in ascending and descending order of weights respectively. In A and B 
the initial tension was greater than 0 and the observations with zero work were obtained 
by preventing shortening until the moment of stimulation by the method described below 
in §§ 4 and 5. 


In three of the experiments of this type simultaneous observations 
were made of the energy, Ea, necessary to lift and drop the same weights. 
These readings alternated with those taken when the weight was not 
dropped (as in Table II) so that the muscle first lifted the weight, then 
lifted and dropped it. A larger weight was then hung on the lever (after- 
loaded) and the procedure repeated. A typical experiment is plotted in 
Fig. 3 and is instructive in showing the inter-relationships. In the upper 
curve values of Ea (equation (4)) are plotted as in Fig. 2. 

The lower curve gives values of the heat, H (equation (6)), recorde 
when the weight was not lowered in relaxation. 
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The middle curve gives the values oi H + W 

H+W = E,=^I + C + {p~e) (8). 



Fig- 3. Similar to Fig. 2, but by a different method. Variations in load on the excess 
energy, kW, and its two fractions C and Jl, associated contraction and relaxation 
respeotiyely. Experimental points arc indicated by circles. Duration of stimulus, 
0*2 second. Weight of musclo 0*27 gm. Muscle shortens 2*7 mm., f.g. from 103 p.o. 
to 05 p.c. of its extended length in the frog. Temp. 18" C. Absciss® represent weights 
on the lerer. The corresponding tension on the muscle during shortening was a quarter 
as great. 

In order to correct for (p — e) measurements were made of the galvano- 
meter deflection obtained when the resting muscle was stretched by 
the smallest weight (75 gms.). Contrary to the theoretical expectations 
a slight cooling, 0*25 x 10* ergs, was observed. In the muscle has 
lengthened; in Ec and H it has not. Hence the cooling due to lengthening 
- has been deducted in the figure from values of E,. and H. Actually the 
correction should have been slightly larger (thus increasing R slightly) 
because in measuring it the muscle must have been heated somewhat by 
the energy of the falling weight, i.e* W ~~ p ~ I -h s. Thus the correction 
p — e is automatically taken care of. This method of correction ^vill be 
analysed in more detail below. 

It is evident that the experiment in Fig. 3 serves the same purpose 
as that in Fig. 2, in making possible a subdivision of the excess energy, 
above the isometric into two fractions, C associated with the lifting 
of the weight and R associated with the lowering of the weight. Now C 
is obviously larger than W, even at zero load, if the dotted extrapolations 
are justified. 0 - W at zero load should represent the work done in- 
ternally in changing the shape of the muscle, i.e. frictional loss,/. This 
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figure agrees with. Fig. 2, therefore, in lending support to the possibility 
that C— W+f—f as suggested above. 

In Fig. 3, unlike Fig. 2, there is more isometric heat at the long 
position than the short. The values of E^ pass through a maximum, 
decreasing at the highest weight. This fall was accompanied by a fall in 
the work which is not shown in the figure. 

3. Energy liberation when work is done wpon the vvuscle 
by a falling weight during the conlr action feriod. 

It has been shown that when positive work is done by the muscle 
there is a positive excess heat liberation, G, associated with the shortening 
period. If this represents a fundamental process in the muscle economy, 
the converse should also be true. Thus when the muscle does negative 
work the excess energy C should also be negative. 

The performance of negative work by the muscle can be arranged by 
stretching it so that s becomes negative in the formula IF = Ts. The 
method employed, in principle, is to hang on the muscle a weight whicb 
is supported previous to stimulation but is released shortly afterwards 
and allowed to fall a fixed distance, thus stretching the muscle a distance 
s. By properly varying the size of the weight and the time of release the 
muscle can be stretched at any time during contraction or relaxation. 
If a small weight is released when the muscle tension is near its maximum 
it will not fall until toward the end of relaxation. Larger weights vpill 
fall earlier in relaxation. A weight too heavy for the muscle to lift will 
fall as soon as it is released in spite of the “contraction” of the muscle. 
Thus the abnormal process of stretching during the contraction period 
can be made to grade imperceptibly into the normal process of relaxing 
under different loads. The energy, E, liberated in the muscle as heat as 
a result of the physiological processes of contraction is determined by 
deducting the energy, W, put into the muscle by the falling weight from 
the total heat, H, found in the muscle by the galvanometer. If it is true 
that negative work causes negative excess heat, then it is to be expected 
that, when the stretching takes place during stimulation, W will not 
add itself to ff but will to some extent replace H. 

In practice this experiment is carried out by means of an attachment 
to the lever which is shown in Fig. 1. At the end of the lever opposite 
to the muscle is a triangular piece of brass, T, held in position by a 
counterpoise, C, and carrying two shoulders, a and b. Only the lower o 
these, a, is used for this experiment; it serves to support the lever before 
its release. When the circuit is closed through the electromagnet be ow 
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the lever, the magnet pulls upon T by means of a connecting thread and 
releases the lever. The weighted end of the lever then falls until it hits 
the screw L, thus stretching the muscle aud recording the moment when 
stretching begins on a revolving drum. The electric contact on the screw 
S is not used for this experiment. 5 is so adjusted that it just touches 
the lever when the other end of the lever rests upon the shoulder a, thus 
preventing the least bit of shortening in the muscle until it is released. 
If not prevented by the tension of the muscle the weight begins to fall 
•03 to -04 second after the circuit through the electromagnet is closed, 
this being the mechanical delay in the releasing apparatus. The circuit 
is closed automatically by an arm and a knock-down key on the same 
revolving drum which is used for the timing of the duration of the 
stimulus. The moment of release in relation to the beginning of stimula- 
tion is thus known to mthin -005 of a second. Short tetani of 0-2 second 
have been used. The source of current was a rotating commutator rapidly 
reversing a direct current or a small A.o. bicycle dynamo (Do wning(i3)). 

Before describing the experimental results the energy changes in the 
muscle during the experimental procedure must be analysed in more 
detail. The heat, S, developed in the muscle and measured on the gal- 
vanometer is given by the formula 

H = I + G {ii any) -1- (it any) + {W -1) — {p — e) (9). 

As before p is that portion of W which goes to restore the resting potential 
energy of the stretched muscle; I is that portion of W which is not ab- 
sorbed by the muscle- but wasted as heat when the lever strikes the 
screw L. The energy, E, liberated physiologically by the muscle is given 
by the formula: 

E=I + 0 + R = H-(W-l) + {p-e) (10). 

The quantity of physiological interest is E^ obtained by adding p -f f — e 
to H ~ W. Now p -f- f — e is in any case small and does not vary with 
the weight and time of stretching so that the relative values ot H — W 
are significant without this correction. But in order to compare the 
isometric heat in either position, /, or /i with H — IF, it is necessary to 
know p -f 2 — e. I have sought to determine this by measuring on the 
galvanometer the heat, g, produced when the smallest weight is allowed 
to stretch the resting muscle a distance s under tension T, the potential 
energy lost by the weight being Ts = IFj . The value of g should then be 
g = IFi - p - -f e. Now TFi > p -4- fi- Hence g should be positive. 
Actually it was negative which must indicate a cooling, c, due pre- 
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sumably to minute difierences of temperature along the muscle. This 
new factor must be introduced into the above equations as follows: 
ff+ Wi~ p + li — e + c, 

E~H—W + p + l-~e + c. 

Hence E===H--W + {g+ Wj}* (II). 

In other words, simple lengthening of the unstimulated muscle causes 
a cooling so that H — W, as observed, is too small by this amount. The 
necessary correction, g + W^, has been determined in three of the six 
experiments in Table III, and its value has been found to be too small 
to afiect the sense of the results although it mars their technical per- 
fection. 

Some of the results of ten series of this sort are collected in Table III. 
The work is calculated directly in ergs. The heat is calculated as ergs 
from the galvanometer deflection by means of the electrical calibration 
of the muscle. The calibration was usually taken in the long position. 
The isometric heat in the short position was obtained by means of an 
additional calibration in that position. 


Table IH. The decrease in the energy liberation caused by stretching the muscle 
during the contraction period. 

Work done on the muscle Energy liberated by the muscle 


E'en 

Jf', 


W's 


//,- ir, 

//j- IKj 



laom. / 

lEom. / 

1 

27 

163 

326 

380 

1633 

1769 

1609 

1414 

1726 

1761 

2 

13 

109 

326 

326 

725 

671 

468 

408 

784 

663 

2a> 

13 

81 

272 

326 

609 

655 

380 

354 

654 

670 

3 

13 

109 

326 

. — 

1013 

1028 

818 

— 

(941) 

10l2 

3a 

13 

109 

326 

— 

1068 

1122 

1015 

— 

— 

1089 

4 

13 

109 

217 

— 

846 

940 

682 

— 

— 

861 

5 

13 

109 

271 

271 

560 

597 

499 

461 

— 

— 

6 

13 

109 

271 

— 

1012 

995 

853 

— 

— 

— 

6a 

13 

109 

271 

271 

1014 

950 

812 

800 

1056 

994 

6b 

13 

109 

271 

— 

941 

921 

753 

— 

— 

— 


All quantities are expressed in units of 100 ergs. The value of the correction 
or p + lib was 98, 33 and 40 x 100 ergs in Exps. 1, 2 and 3 respectively. All muscles at 
room temp, about 15° C. Amount of shortening was 2-2 mm. throughout. Isom, s and 
isom. I = isometric heat in short and long positions. 


Each complete experiment started with an isometric contraction in 
the short position. The smallest weight, (25 gms. in Exps. 2-6; 
50 gms. in Exp. 1), was then hung on the lever, supported in the short 
position until released at about the end of stimulation. With this weight 
the muscle was stretched toward the end of the relaxation period (O’l 
second after stimulation). Larger weights were then used in the same 

' * This calculation is not strictly accurate because the value of I varies irith the load, 
and unsfciinulated muscle is not necessarily eq^ual to I for the stimulate mnsc e- 
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way until the muscle was stretched as soon as the weight was released 
at about the end of the stimulation (0-2 second). IF, in Table III repre- 
sents a weight, usually 200 gms. which was just large enough to stretch 
the muscle at 0-3 second after the beginning of stimulation, and which 
was approximately the largest weight under which the muscle could 
shorten as much ns 2-2 mm. W^ represents a weight (500 or 600 gms.) 
large enough to stretch the muscle ns soon as it is released, t.c. between 
0-1 and 0-2 second after the beginning of stimulation. W^ is a weight 
which was released sooner and began to stretch the muscle in less than 
0-1 second after the beginning of stimulation. ITj and Ifo, therefore, 
represent normal relaxations; IP3 and H4 stretch the muscle during the 
contraction period when the muscle should be shortening. Other inter- 
mediate weights were also used in addition to those included in Table III. 
After the observation ivith the largest weight the muscle was stimulated 
isometrically in the long position and then the various weights were used 
again in the reverse order. The results of the two observations with each 
weight were averaged in order to eliminate the effects of fatigue. 

The results show that less energy is mobilised by the muscle when it 
is stretched during stimulation (ff, — IF3 and Hf — Tr4) than when the 
same lengthening is carried out in relaxation (^i — IF, and — TF^) 
or than when the muscle is similarly stimulated isometrically in either 
the long or the short positions (/, or /,). The result is most evident in 
Rf — )F4 where the stretching took place most nearly at the moment 
when the tension was being increased. In the first experiment, /, and /, 
are 172,600 and 176,100 ergs respectively. It might be supposed that, 
if the muscle changed from one length to the other at any moment 
during the contraction or relaxation period, the resulting energy liber- 
ated Would be intermediate between the isometric heats for the two 
positions. This is not the case. If the change is from the long to the short 
position during the contraction period the energy liberated is greater 
(i.e. C and IF are both positive) than either Ig or /, as already shown. 
Table III shows that if the change is in the opposite direction from the 
short to the long position that the heat liberated is considerably less 
than I, or 7,, i.e. C and IF are both negative. Thus — TF4 (Exp. 1) 
or 141,400 ergs plus the correction 9800 ergs = 151,200 ergs, which is 
less than 172,600 or 176,100 ergs. When 38,000 ergs work is done upon 
the muscle in stretching it, the energy liberated is decreased 176,100 — 
151,200 ergs = 24,900 ergs. The work done in stretching the 
muscle does not therefore add itself to the ‘‘physiological 
heat but 249/380 or 65 p.c. of it (in this case) replaced energy 
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which would have been liberated by the muscle if it bad not 
been stretched. Again in the same experiment comparing and 
it is found that when 32,600 ergs work, TFg, is done upon the muscle the 
heat observed is 150,900 + 32,600 = 183,500 ergs; and when, by stretch- 
ing the muscle earlier after the beginning of stimulation, 38,000 ergs 
work. If 4 , is done upon the muscle the heat observed is only 141,400 -f 
38,000 — 179,400 ergs. In the latter case the heat observed is 4100 ergs 
less than in the former although 5400 ergs more work was done upon the 
muscle and appeared within it as heat. This is perhaps a particularly 
striking case but it is in agreement with the general trend of all ten 
series as well as with four others not sufficiently complete to tabulate. 

That inappreciable fractions of the energy of the various weights 
were dissipated as heat in the apparatus is shown in Table IV. This gives 
for the various values of If the corresponding values of the kinetic energy 
of the weight, I = viv^j'I just at the moment when the lever hits the screw 
L, and the times after the beginning of stimulation when the muscle 
began to lengthen. At most 10 p.c. of the energy of If may be wasted 
in the apparatus. 

Tablu rV. Energy -waste in apparatus and time of lengthening -with Tar 3 dng 
amounts of negative work, IF. 


Work 

Energy waste, 1 

Time when lengthening 
begins in seconds 

13 

0 

•58 

27 

1 

•35 

54 

4 

•32 

109 

11 

•30 

163 

12 

•28 

216 

20 

■25 

326 

10 

•15 

326 

0 

•10 

326 

0 

■07 

326 

0 

•03 


IF represents the -work in units of 100 ergs done upon the muscle by weights {on the 
lever) varying from 25 to 600 gros. The energy waste is the kinetic energy of the -weight 
in ergs x 100 at the moment when lengthening is complete and represents that fraction o' 
IF which was not absorbed by the muscle as heat. The time when lon^hening begins is 
measured from the beginning of the stimulus (0-2 second) and was obtained from record 
on a moving drum. In the last four, lengthening began in each case -03 second after the 
closure of the eleotric contact which operated the releasing mechanism. Data taken from 
Exp. 2, Table IH. 

Tbe experiments in this section sbow that stretching of a muscle 
during the contraction phase causes a decrease in the heat production, 
ij^his m&.y be interpreted as due to the performance of negative work by 
th?' m^dle. Positive work increases the heat production; negative wor 

dewe,*.““ 
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4. The heat liberated when a muscle is prevented from shortening 
until some time after stimulation. 

The experiments fall into two groups. In the first, the muscle lifts 
a weight as it shortens and is pulled back to its original position by the 
weight in relaxation. In the second group, considered in section 5, no 
external work is done in shortening and the muscle is not pulled back 
to its original position in relaxation. 

In order to carry out these experiments it is necessary to hold the 
muscle isometrically for various times after stimulation and to release 
it at a desired moment. This is accomplished by the release mechanism T. 
and the shoulder 6, attached to the lever (I-'ig. 1). The screw L is arranged 
so that the lever is held snugly between it and the shoulder b. The screw 
S is then adjusted to permit the desired amount of shortening; or it is 
screwed down out of the way altogether. At the desired moment the 
mrcuit through the bell magnet under the lever is closed automatically; 
T is pulled down and the lever released. 

In the first type of experiment the initial tension is constant and small 
(6-12 gras.). The weight, if greater than that necessary to set up the 
initial tension, is after-loaded. The muscle is first stimulated and allowed 
to shorten freely. The initial isometric interval is then increased until the 
whole contraction becomes isometric. The results are averaged with a 
similar series of observations taken in the reverse direction to avoid 
eiTors due to fatigue. The result of an experiment is plotted in Fig. 4. 

e muscle was stimulated for 0*4 second. The height of the contraction 
was not limited and the amount of shortening progressively decreased 
until the contraction became isometric. Absciss® represent the time of 
re ease of the lever, no allowance having been made for the time (‘04 
second) consumed in effecting this release after the circuit was closed, 
t zero time when the muscle was no't restrained at all the heat pro- 
uction was considerably greater than the isometric, as was to be ex- 
pected. There is then a very slight increase in heat which does not always 
uppear and may be due to a somewhat higher tension in the muscle 
w en the shortening begins. With further increase in time the heat and 
^or both decrease to the isometric point. For mechanical records of 
® ^®hunges of length of muscles carrjdng out contractions of this sort, 
mit Anfangshemmung,” see the figures of v. Kries(4) which show that 
^ e greater the isometric interval the more the completion of relaxation 
IS delayed. 

The fall in heat in Fig. 4 may be due to a decreased shortening and 

PH. Lvm. 25 
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ience decreased work. In order to show that the time when shortening 
takes place is also a factor, simiiar experiments have been carried out 

Ergs X, 10^ Ergs x 10^ 



Kg, 4. Decrease in heat production and trork caused by preventing a muscle from shorten- 
ing for increasing periods after the heginning of stimulation (see Text], Temp. 0°C. 
Weight of muscle between the electrodes was 0-33 gm. Lever weighted with 125 gms. 
Tension on muscle during shortening or 31 gms. Initial tension 6-2 gma. 

Kg. 5. Variation in heat produotion (ordinates) with increase in the time after etimoktion 
when shortening begins (abscissae). Similar to Fig. 4, except that the shortening im 
limited in every case to 2-7 mm. Muscle at room temperature, 8° C, Weight of mnsole, 
0-26 gm. The lever was weighted with 25 gras, giving a musele tension of 6-2 gms. 

except that the degree of shortening was limited in each case to 2’7 mm. 
It is thus possible to determine the effect of the sam shortening under 
the same tension (i.e. the same performance of work) when it takes place 
at different times after the beginning of the stimnlns. The resulting curves 
are shown in Fig. 5. The general feature is the same as in Fig. i, the heat 
falling off rapidly toward the isometric. It may be concluded, therefore, 
that the longer the isometric inter val before shortening begins 
the less the excess heat liberation for the same work, until it 
fails to appear altogether. Fig, 5 shows, however, an additional feature 
in the minimum through which the curve passes. This minimum is a very 
characteristic feature of such experiments whether the height of con- 
traction is limited or not, and indicates that if the mascle is released at 
, just about the time that relaxation begias (or at the time of masmnm 
tension) the heat production is less than if it had been held fast in t e 
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original position. One is thus tempted to conclude that whereas short- 
ening in contraction causes an increased heat production, the same 
shortening in relaxation (when the muscle is normally lengthening and 
when possibly the contractile process is in some particulars reversed) 
causes a decreased heat production. Conversely it has been shown 
(§§ 2 and 3) that lengthening in contraction causes a decreased heat 
production and lengthening in relaxation (usually) an increased heat 
production. It is too soon to speculate upon the meaning of these facts. 

Summarising the experiments just described it is found that 17 
curves similar to those published have been obtained on four different 
muscles. All showed a marked decrease of heat wth increasing pre- 
liminary isometric interval; nine showed a slight initial increase in heat; 
11 showed a minimum of heat when shortening occurred in relaxation, 
r One of these muscles which served for two days of continuous experimen- 
tation on this and other points, failed to give the characteristic curve 
at the end of the first day when it was much fatigued. On the following 
day, however, when it had recovered, it gave five very good series all 
showing a marked dccr^ease in heat with increasing isometric interval. 
The duration of stimulation in these experiments has varied from *05 
to 0*5 second. The heat does not show a decrease unless the lever is held 
isometrically imtil approximately the end of the stimulus, whether it is 
a long or a short one. 

Through the courtesy of Mr Hartree and Prof. A. V. Hill, I am 
permitted also to mention some unpublished experiments performed by 
them on frog sartorius muscles in May and June, 1922. The experiments 
were similar to that plotted in Fig. 4, There were in all 22 series on seven, 
different muscles. Sixteen of these curves resembled mine, particularly 
as to the minimum in the heat produced just before the contraction 
became completely isometric and as to the maximum in heat when the 
muscle was not restrained. In six series the isometric contraction gave 
the most heat for some reason not at present understood. The tempera- 
ture varied from 0° to 15° C. and the stimulus from single shocks to 0*4 
seconds tetanus. It is very reassuring to find that I have confirmed their 
results so well with an entirely different set of apparatus. 

Similar experiments have been carried out by Fick(i3) and by 
Schenck(i4) using the inner muscles of the frog’s thigh and I have been 
I able to confirm their results in a general way on a pair of gastrocnemius 
muscles. In a gastrocnemius muscle the isometric heat is greater than 
the isotonic heat. Consequently the more nearly isometric a contraction 
becomes the greater the heat production. The experiments described 
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above show that tbe reverse of this is true in the sartorius. Reasons for 
this important difierence between the gastrocnemius and the sartorius 
muscles have been suggested in a previous paper ( 2 ). 


5. Variation in energy liberation caused by releasing a stretched muscle 
at various times before and after stimulation. 

The experiments are made in the same way as in § 4 but without a 
weight and with a muscle which is initially so much stretched that it will 
shorten the required distance without stimulation, merely by the elasticity 
of the connective tissue. This modification enables the experimenter to 
make the muscle shorten before stimulation as well as after it without 
difficulty. 

The essential difference between these experiments and those plotted 
in Figs. 4 and 5 is that in this case no external work is done because the 
shortening takes place under zero tension as far as the whole muscle is 
concerned. The individual muscle fibres, however, may shorten under 
some slight tension, if the shortening of the muscle when stimulated is 
more rapid than the shortening unstimulated. Thus there may be some 
slight internal work done in accelerating the change of shape of the muscle. 
For these reasons one might expect that the proposed modification of 
experiments of Figs. 4 and 5 would merely decrease the maximum heat 
due to the decrease in work. The results of the five experiments plotted 
in Fig. 6 seem to justify this expectation to some extent. 

In these curves (Fig. 6)theabscissserepresentthe time when shortening 
began, -04 second having been allowed for the mechanical delay in the 
releasing apparatus. The method of release was identical with that de- 
scribed above (§ 4). Each point plotted is the average of two observations, 
one made while the time after stimulation was being progressively 
increased and the other while it was being decreased. Points at the 
extreme left of the figure represent the heat obtained by releasing the 
muscle 0-28 second before an isometric contraction in the short position. 
Conversely points at the extreme right show the heat liberated in an 
isometric contraction at the long position, followed by the usual shorten- 
ing. It will be noticed that the isometric long are always lower than the 
isometric short showing that the muscle in the long position had been 
stretched beyond the optimum length for the maximum isometric heat 
production. Stimulation began in all cases at zero time. In the iow 
upper curves. A, B, C and D the stimulation lasted 0-1 second and the 
,, point of minimum heat is correspondingly later than in E, where maxima 
break shocks were used. 
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The upper three curves of Fig. 6 are perhaps the most typical. All 
show a slight rise to a maximum when the shortening begins just at the 



Fig. 6. Variations in lieat production caused by releasing a stretched muscle at various 
times before and after the beginning of etimulation. Stimulation began at zero time, 
and lasted for O-l second except in E where maximal break shocks were usei £ is 
plotted in mm. deflection since no calibration was taken. Curve A has been raised in 
all points 4 x 10* ergs to avoid overlapping. The shortening was 2-7 mm. throug ou . 

moment of stimulation. This is probably due to the slight internal work 
which the fibres must do in accelerating the shortening of the muscle. 
Evidence of this same fact has been discussed in connection with Figs. 2 
and 3. Immediately following this maximum there is a minimum ^hich 
is undoubtedly the homologue of the minimum obtained in Fig. o, an 
in other similar experiments when the muscle shortened under a weight. 
Whatever the explanation it is certainly a most constant feature of sue 
experiments and has been obtained in 20 out of series with eig t 
different muscles. The maximum corresponding to the moment of stimi^ 
lation is not so common. It appeared in only 11 of the 24 series. Curves 
and R are typical cases where it failed. Both of these can be attribute 
to fatigue of the muscles. Possibly other failures can be similarly ex- 
plained because all of the experiments of this type were performe at a 
time when the frogs were in particularly poor condition. The same muse e 
which gave curve D on the fourth trial had given curve C and two ot er 

very similar ones previously. Likewise curve was the fourth o 
with another muscle, the first of which had shown an initia sma u 
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definite maximum. Curves A and B were also the first and fourth, 
respectively, obtained with one muscle. The second of these four had 
failed to show a maximum due to pronounced fatigue; but after a rest 
of one or two hours in Binger’s solution the signs of fatigue disappeared 
and the typical maximum was obtained in the third and fourth {B) series. 

A. V. Hillas) has performed experiments with the gastrocnemius 
and semimembranosus muscles similar to those described above, hut 
owing probably to the anatomical peculiarities of those muscles he 
obtained quite difierent results from mine. He found that a muscle 
allowed to shorten freely rrithout load immediately after stimulation 
liberated less heat than if shortening was prevented indefinitely or for 
some time after stimulation. Reasons for this difference have already 
been snggested(i). 

Summary. 

1. Experiments are described which show the effects of a small 
amount of shortening or lengthening of a sartorius muscle, at various 
times during contraction and relaxation, on the total energy mobilised 
in the muscle as a result of a given stimulus, 

2. Shortening during the contraction period increases the energy 
liberated. The excess energy due to shortening in contraction is very 
nearly equal to the work done, if we include in that category both the 
external work done in lifting a weight and the internal work causing 
the change in shape of the muscle. There may be a slight excess heat 
production when the muscle shortens without a load, due to the internal 
work alone. The longer the shortening is delayed after the begiimiug of 
stimulation, the less is the excess energy liberated. 

3. Shortening during relaxation decreases (usually) the energy 
liberated. If a muscle be released and allowed to shorten at or near the 
beginning of relaxation the energy liberated is usually somewhat less than 
in an isometric contraction. 

4. Lengthening during the contraction period decreases the energy 
liberated. This is interpreted as meaning that when the work done by the 
muscle is negative the excess energy is also negative. The longer tlua 
lengthening is delayed after the beginning of stimulation the less the 
decrease in energy observed. The amount of this decrease is somewhat less 
than the work done upon the muscle in stretching it. 

5. Lengthening during relaxation increases (usually) the energy 
liberated. Thus when a muscle lifts a weight in contraction and lowers it 
in relaxation a part (30 to 40 p.c.) of the excess energy observed is due 



MVSCLB WORK AND ENERGY. 395 

to processes involved in the lengthening of the mnscle rather than in the 
shortening. 

6. It is shown that the existence of an excess heat liberation is to some 
extent inconsistent with the idea that a stimulated muscle is a new elastic 
body. It is suggested that contraction is analogous rather to the winding 
up of an anchor chain by a windlass than to the lifting of a weight by the 
energy of a stretched spring. 

It is a pleasure to acknowledge again my indebtedness to Prof. A. V. 
Hill, who suggested the work and has advised me continuously during 
the experiments. 

A grant to Prof. Hill from the Royal Society has defrayed part of the expenses of the 
experiments reported in this and the previous paper. I wish to express also my gratitude 
to the Rockefeller Institute for Medical Research, New York City, fora travelling fellowship 
which made this work possible. 
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In my previous paper I overlooked a publication by Barker in PJlUgers Arch. 174. 
p. 282, 1919, in which the author described experiments simUar to mine with the semi- 
membranosus and gracilis muscles of the frog. It is to be regretted that he did not continue 
to increase the weights until the contractions became completely isometric. The published 
data are not sufficiently extensive to enable one to determine whether the muscles use y 
him behaved like the sartorius or like the gastrocnemius 

The conception of an increase in energy liberation associated with the j^rformanco o 
work Bta in well with the experiments of Chauveau (C. F, Acad. d. Set., 122. pp. 5 , 
113, 1890) who found a greater oxygen consumption in going up stairs than in going own 
the same stairs backwards at the same rate. Here the tension.time curve of the muse es 
must have been the same in both cases but in the former the loaded muse es were 
shortening and in the latter lengthening. The difference in oxygen consumption was 
equivalent to something more than twice the work done. 


THE INSEPARABILITY OF THE MECHANICAL 
AND THERMAL RESPONSES IN MUSCLE. 
By H. S. GASSERi and W. HARTREE^. 


{From the Physiological Laboratories of University College, London, 

and of Cambridge.) 

Our knowledge of the nature of the muscular mechanism is based on 
observations of such manifestations of its activity as tension, heat, 
electrical potential change, acidity and metabolism. It would be very 
useful in the analysis of the mechanism of contraction if states could be 
found in which the functions could be independently eliminated. Several 
attempts to separate tension and the potential change have met with 
apparent success particularly in the poisoned heart. These experiments 
have been reviewed recently by Einthoven and Hugenholtz(i). They 
call attention to the great discrepancy between the energy necessary to 
move a galvanometer string and a muscle lever, and give some experi- 
ments, which were extended by Arbeiter(2), to show that if a sufficiently 
delicate and frictionless lever is employed, the tension and electrical 
potential in heart muscle decrease in a similar manner. 

In skeleta 1 muscle it was shown byBiedermann(3) that if water rigor 
is produced in one end of a curarised sartorius, this end may be electrically 
stimulated and produce contraction in the normal end without itself 
contracting. The observation was confirmed by Engelmann(4) in the 
heart and later in skeletal muscle by Hart 1(5) xmder conditions which 
exclude the possibility of spread of the stimulating current to the unin- 
jured muscle. The only apparent objection to these experiments is that 
the recording apparatus may have been insufficiently sensitive to record 
a small amount of tension. More recently de Boer(6) has shoTO action 
currents in the frog’s heart treated with water at a time when it no longer 
registered contractions. He does not accept this as evidence of dis- 
sociation, however, as the swelling of the heart had caused a shortening 
to the systolic length and contraction could not be visible on account of 
the shortening aheady present. This, in effect, is an admission that there 
, was tension which was not recorded. 

The present investigation, undertaken at the suggestion of Prof. 
A. V. Hill, is concerned with the possibility of separating the production 
i Washington University School of Medicine. ^ Medical Besearcli Council. 
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of heat from that of tension. The observation on the apparent dissociation 
by water of the power of a muscle to conduct from its power to contract, 
suggested one method of experimentation. Another suggestion was 
found in some data in a paper by AVeizsackerCT) indicating that when 
a muscle is treated with a dilute solution of alcohol, heat may be evolved 
at a time when tension is no longer developed. 

Methods. The experiments were carried on independently by the two 
observers. The methods have been previously described(8). A double 
sartorius preparation was mounted on the thermopile designed by A. V. 
Hill and Hartree. The thermopile chamber was immersed in water 
held in a Dewar flask and stirred by a gentle current of air. The muscle 
was suspended from a spring tension-lever of the type described by 
A. V. Hill and Hartree(8, p. iis). A watch spring of suitable size was 
soldered to the end of a U-shaped brass rod. In the middle of the spring 
was fixed a short lever arm for attachment to the muscle. The advantage 
of this lever for these experiments is threefold : it is frictionless when used 
optically as there are no bearing surfaces, it has a sufiBcient frequency to 
record without fling, and at the same time is sufficiently sensitive to 
detect small amounts of tension. The muscles were stimulated through 
two platinum wires, one at each end. In most of the experiments a short 
tetanus was used, the duration being controlled by the Lucas gramo- 
phone-motor contact-breaker. As galvanometers of different types were 
used they will be mentioned in connection with the experiments for 
which they were employed. 

The experiments were conducted along two lines. In the first series 
{Group 1) the tension lever was selected of such a stiffness that the 
course of the change in the two functions could be followed. In the 
later series (Groups 2 and 3) a more sensitive lever and galvanometer 
were used to follow' the tension as close as possible to the point of ex- 
tinction. Both types of data are necessary. It is obvious that w'hether 
heat or tension will disappear first will depend upon the relative sensi- 
tivity of the galvanometer-thermopile circuit and the tension-lever, and 
-therefore the interpretation must be guided by the course of the heat- 
tension curve. 

The data are presented in Figs. I and 2, which show the course of 
the decrease in a number of experiments, and in Table I, which records 
the initial and final readings of the heat and tension. The final readings 
arc taken only from experiments in which the values immediately ante- 
cedent are knowu. 

Group 1. The first three experiments in Table I were performed by 
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Hartree using a Paschen galvanometer (8, p. 85) tlie sensitivity of whicli 
was adjusted so that 1 mm. of deflection was produced by 1 x 10~® 
amperes. The galvanometer is very quiet and can be read to 0-2 mm., 
wbicb would correspond to a rise in temperature of the muscle of about 
3 X 10~® degrees C. The tension was recorded by a stiff spring lever 
carrying a very bgbt pointer to write upon a smoked surface. One 
millimetre of movement recorded 400 mgm. of tension and, as it could be 
read to O’l mm., it was sensitive to 40 mgm. When the lever no longer 
moved, presence of tension could still be detected by observing the 
suspending thread. This is recorded in the table as a “trace.” The 
attachment of the muscle to the lever was such that the figures for 
tension are twenty-nine times the actual shortening in milhmetres. The 
muscles were stimulated with a 90 — alternating current as previously 
described (8, p. 97). The data record the later stages in alcohol narcosis. 
They are plotted in Fig. 1 and show quite clearly that a decrease in heat 
production is associated with a corresponding decrease in tension. 


Table I. 



Normal 

Final 

Normal 


tenciOD. 

t«nsiou. 

heat. 


mm. 

min. 

mm. 

1 

28-3 

Trace 

700 

2 

16-5 

1-0 

93 


16-5 

Trace 

160 

3 

31-3 

1-2 

800 

4 

420 

0 

19 

5 

383 

2 

40-5 

6 

310 

0 

38 

7 

420 

0 

76 


ft 

270 

0 

38 


620 

O'o 

80 


575 

Trace 

79 


Final 

Final 

tension. 

Final 

heat. 

heat. 

%o! 

<’/oot 

min. 

normal 

normal 

3 

<0-3 

0-43 

9 

1-6 

9-7 

1 

<0-6 

0-6 

26 

3-8 

3-2 

O-h 

— 

— 

0-6 

0-6 

1-0 

0? 

0 

fO] 

<1 

0 

<1-3 


0 0 0 


0-2 ± 008 0-26 
Trace <0-04 <0-25 


Hcmarks 

In air after 6 % alcohol. Notcor- 
rected for heat of Btimulation. 

In 4-5 % alcohol. 

In air after 5 % alcohol. 

In air after 4 % alcohol. 

In 5 % alcohol. 

In 4 % alcohol. 

Distilled water. Shortening duo 

to swelling, 30 mm. or fl’7 %• 

In Ringer's solution I part, 
water 6 parts. Shortening 
due to swelling, 44 mm. or 
10-4%. Shortening due to 
chloroform, an additional 
318 mm. or 84-6 %. 

Ringer’s solution 1 part, water 
3 parts. Shortening by swell- 
ing, 31 mm. or 11*4 %. 

4 % nlcohol. 

Ringer’s solution 1 part, water 



0 IJJ Zf) 3fi ^ SJ> 60 

Tig, 1, Effect o£ alcohol on heat and tension (see Table). Tension abscissa Heat. 

ordinate. Both m mm. of deflection of tho recording instrument. 

Esp 1- © © Muscle had been m 4k % and 6 % alcohol Readings made after removing 
from a final solution of 5 % given for two minutes Maximal tetanus* 0*3 sec Initial 
heat about 700; tension: 28 3. 

Exp 2 + + Muscle m 4 5 % alcohol. Readings made with the muscle m tho 8olutiOD» at 
intervals between 0 6 and 1 5 hours after immersion. Maximal tetanus . 0 05 sec. 
Initial tension; 10 6. Initial beat: 93 

0 @ Same muscle as above. Readings at 2 5 minute intervals after removal from 
a 10 ttunute immersion in 5 % alcohoL Normal heat, about 160. 

Exp 3 , . Muscle 15 minutes xn 4 % alcohol, readings at 3 mm. intervals starting 2o 
minutes after alcohol Tomoved Maximal tetanus • 0 3 sec Initial heat ; 800 Tension . 
31*3 Curve corrected for heat of stimulating current 

use 
of ii 
in ] 

The tension was read by means of an optical lever 3*5 m. long. From a 
-small concave mirror mounted on the lever a beam of light was reflected 
to a second mirror, and then back to a transparent scale mounted beside 
the scale, fox the galvanometer spot, so that the operator could contro 
the preparation and at the same time read the two instruments. The 
odge of a card was focussed on the screen and a movement of the sha ow 


^th a 25*5 u> thermopile and gave a quite steady spot. On account 
^ lower sensitivity stimuli of two seconds’ duration were used (1 sec. 
5xp. 9), These were maximal induction shocks from a Porter coil. 
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of 0-2 mm. could be detected easily; Tbe lever spring was fairly stiff. 
As tbe connections were ordinarily made, tbe sbortening of the normal 
muscle was in tbe neigbbourliood of 1 mm., corresponding to 550 mm, 
on tbe screen. Tbe tension could be read to 35 mg. or less. 

Tbe results appear in Table I (Bxps. 4 to 10 inclusive) and in Fig, 2. 
In tbe recording of tbe final beat 0? means that there was no visible 
deflection of tbe galvanometer but that tbe spot itself was not sufficiently 
quiet to allow certainty. Tbe symbol [0] means that tbe final beat was 
approximately equal to zero. It is used when there was a small galvano- 
meter deflection at tbe time of cessation of tension and after killing the 
muscle with chloroform it was still present in practically equivalent 
amounts, showing that it was produced by the stimulating current, 

Tbe alcohol experiments are in accord with those of Group 1, and 
distilled water acts similarly, there being no^ constant differences in the 
manner by which tbe two agents produce a decrease of tension and heat. 
Early readings were not obtainable, due to tbe unsteady state of the 
thermopile after the solutions were changed. Concentrations of alcohol 
which would finally destroy both activities often acted so rapidly that 
only the final effects could be obtained. About fifteen to twenty minutes 
were necessary for the galvanometer spot to become sufficiently quiet to 
allow accurate readings. When the solutions are changed the two sets 
of junctions must come to equilibrium, and further some heat of solution 
must be elaborated in the muscle after diffusion of the alcohol. Weiz- 
s acker observed an increase in heat production soon after immersion 
in alcoholic solution. This appeared in this group of experiments in but 
one instance eleven minutes after immersion in 3|- p.c. alcohol (Exp. 9). 
The tension usually began to fall promptly in 3 p.c. to 4 p.c. alcohol, a 
fact indicating that increased heat production was not often present 
during the period in which the galvanometer could not be read. 

The rate of stimulation being 42 per sec., successive stimuli would 
probably fall in the relative refractory phases of the preceding (Adrian (8) 
for values). In this event the second disturbance set up would be sub- 
normal in size (Keith Lucas(i0)) and still less capable of passing through 
muscle conducting with a decrement, particularly if the relative re- 
fractory-phase is lengthened in a decrement. It is therefore conceivable 
that a single induction shock might produce a relatively greater amount- 
of heat in a narcotized muscle, as compared with normal, than a tetanus, 
because in the latter case any increased heat production by the first 
shock would be compensated by the relatively greater ineffectiveness o 
the’ succeeding shocks. This possibility was tested in two experiments 
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Fig. 2. Effect of alcohol and hypotonic solutions on heat and tension (see Table). Tension . 
abscissa. Heat: ordinate, . 

Inset : same abscissae ; ordinates on the larger scale. Mam carve made with Kipp 
galvanometer. Vertical lines after the last reading in Ringer’s solution. 

Kxp. 8 . ■ ■ 

Exp. 9. X X Alcohol 3 %, later 4 %. 

O O Same muscle, after recovery from alcohol, treated with Binger s solution 
1 part, distilled water 3 parts. 

Exp. 10. • • 

Inset; data obtained with the Paschen galvanometer and a very sensitive tension lever. 
Final readings of the series only. The short duration of stimulation, 0*1 sec., decreases 
the accuracy of the tension readings. 

Exp. 11. 4 . + 3 ^ then 4 % alcohol. 

O O Ringer’s solution 1 part, water 4 parts, after complete recovery from 
aloohol. @ © distilled water after recovery from hypotonio Ringer’s solution. 

Eip. 12. ■■ Eip. 13. • •. 
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potential change, the present trend of the evidence is in the direction 
of showing that poisons destroy in muscle the process which is responsible 
for the manifestations, heat, tension, conduction, and potential change. 
It is safe to conclude that heat and tension never have been dissociated, 
and it seems likely that they cannot be. Their decrease is roughly pro- 
portional. Taking all the experiments into account there is a tendency 
toward deviation in the direction of inefficiency in the later stages of 
injury, that is, there is a greater decrease of tension than heat. This 
difference is not sustained until the final readings and does not affect 
the general conclusion. It is not intended that the inference should be 
drawn that HjT must be constant as it is known to vary in different con- 
ditions (Hartree and A. V, Hill(i3)). 

Summary. 

When a muscle is narcotised with alcohol or injured with hypotonic 
solutions, the heat produced and the tension developed on direct stimu- 
lation undergo a decrease together and go simultaneously to extinction. 

We wish to thank Prof. A. V. Hill for his advice and for extending 
to one of us the facilities of his laboratory at University College and for 
instruction in the technique of their use. 

The expenses of this research were defrayed in part from a grant by the Boyal Society.. 
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NOTES ON TEMPERATURE AFTER SPINAL 
TRANSECTION. WITH SOME OBSERVATIONS 
ON SHIVERING. By C. S. SHERRINGTON. 

{From the Physiological Laboratory, Oxford.) 

The following observations on impairment of temperature regulation 
in the paraplegic dog have been obtained incidentally during work 
which required the keeping of such animals for periods relatively long. 
The severance of the spinal cord has been in every case performed under 
deep ansesthesia and with full precautions against sepsis. The animals 
were housed in ample well-strawed stalls in a warmed room; their general 
health remained excellent. In some of them the spinal transection was 
situate as far forward as the cervical region. Since opportunity of this 
kind occurs infrequently, the observations, although desultory, may 
possess interest as e-xtending to post-operation periods somewhat longer 
than are usual. ‘ 

The impairment of thermotaxis remains severe long after complete 
Subsidence of the acute symptoms of “spinal” shock. A normal dog 
lightly aniEsthetised and immersed up to its middle in ice-cold water for 
10 minutes showed a fall of mouth temperature from 37-6° C. to 37-2° C. 
A small dog of approximately similar weight similarly immersed 530 days 
after spinal transection at 1st thoracic level, showed a fall of mouth 
temperature from SI-O” C. (taken in its stall at 27-5° C.) to 33-9'' C. Again, 
similar immersion of an unanaesthetised normal dog of 4 kilos weight 
brought the mouth-temperature from 37-9° C. down to 37*2° C. in 
18 mins. ; while similar immersion of this same dog 30 days after spinal 
transection at 6th thoracic segment brought the mouth temperature 
from 37-5° C. down to 35'8° C. in 18 mins. 

Gardiner and Pembrey liavc pointed out bow clearly the degree 
of impairment of thermotaxis in paraplegia is proportioned to the extent 
of the paralysis, i.e, is greater the further forward the seat of the spinal 
Severance (cf. also (ii)). Observation upon dogs with spinal severance 
levels varying between 7th cervical and 3rd lumbar, and at periods 
subsequent to the transection varying from 21 days to 589 days, exem- 
plifies this proportionality. Thus, Chart 1, three dogs, B and 0, of 

PH LVITI. 26 



408- 


C. S. SHERRINGTON. 


So also in another dog, L, with transection similarly between 2nd 
and 3rd lumbar levels and of 92 days’ standing. It (Chart 2 B), with two 
other dogs, M and P, with severance between 7th and 8th cervical 
segments and at 6th thoracic segment respectively, were transferred from 
stall temperature of 29*6° C. to the cold room at 2-2° C., the room tem- 
perature rising to 3-8'’ C. by the end of the experiment. The temperatures 


2 4 6 10 20 30 40 SO 



(vaginal) of M and P sank to SS-G” C. and 36'6° C. respectively at the 
end of 50 mins, in the cold room. But afehe temperature of L, although 
when in the stall somewhat lower than those of M and P, showed practi- 
cally no fall from the cold exposure. A normal dog subjected to the test 
along with the above three spinal, showed slight rise of temperature 
during and at end. of experiment. 

Mere abruptness of the change from warm to cold surroundings does 
not seem to have been a factor of importance in overstraining the paretic 
thermotaxis. The temperature in dogs with forward thoracic transection 
sank also when the lowering of the surrounding temperature was gradual 
and much less extreme. Thus (Chart 2 A) progressive fall of the stall 
temperature to 14-1° C. during the course of two hours lowered the 
vaginal temperature of a dog with spinal transection at 2nd thoracic 
segment by 1-4° C., and caused shivering headward of the lesion. 
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normal dog and puppy observed along with tbe spinal animal showed no 
shivering, although a slight fall of vaginal temperature. 

All the dogs were stalled in a well-warmed room. In early summer 
the diurnal course of the stall temperature ranged over about 2° C. The 
temperature (vaginal) of the spinal dogs in this room was noticed to vary 
more than did that of the normal 
dogs. The diurnal course of the 
room temperature and of two of the 
spinal dogs (i) and (ii) and one of 
the normal dogs bving in the room 
was followed through a 24-hour 
period. In (i) the transection lay 
at 1st thoracic segment and was 
of 72 days’ standing, in dog (ii) at 
7th thoracic segment and of 143 
days’ standing. The observations 
(Chart 3) showed greater fluctua- 
tions of temperature in both 
“spinal” dogs than in the normal. 

The fluctuations in the former re- 
flected the oscillations in the room 
temperature fairly fully, whereas in 
the normal dog they did so to less 
extent and less faithfully. 

Itwasoften noted thatwith stall 
temperatures of above 27° C. the 
temperature of the dogs with transection forward in or headward of the 
thoracic region was higher than that of the normal dogs; with stall 
temperatures below 23° C. thetemperaturesofthelatter were above those 
of the former. But spinal dogs with transection even as far headward 
as 7th cervical level, quartered for long periods, e.g. in individual cases 
upward of 18 months, in stall temperatures ranging between 25° C. and 
30° C. remainedin excellent general health and nutrition, though at times 
their deep temperatures must have undergone considerable fluctuations. 
Even the “cervical spinal” dog retains in certain measure an efiective 
thermotaxis. Thus, such a dog removed from a stall temperature of 
28*6° C., with vaginal temperature 38*1° C., to a room at 19*8° C., where 
it soon began to shiver in head and neck and continued to do so, showed, 
when after 60 mins, its temperature had fallen to 37° C., a further fall 
of only *2° C. at the end of a further hour and a half. No ill-effects accrued 
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from the exposures made for observations in the cold room. The longest 
exposure there vas 60 mins, with the room between 1° C. and 2° C. The 
animal, with transection at 8th cervical level, showed then a vaginal 
temperature of 32-3° C., and its respiration was 14 per niin. Eeturned 
to its warm stall (28° C.), its temperature there rose and reached 37-5° C. 
in 56 mins. 

With the cold room two points observed were the following. In the 
two dogs K and L with transection between 2nd and 3rd lumbar segments 
the hind feet grew cold in the cold room seemingly as rapidly and fuUy 
as did those of the normal dogs; the shivering, however, never encroached 
on the hind limbs further than the groin (? psoas muscle). In one animal 
x^-ith transection at 2nd thoracic level, though the feet remained “warm” 
in the cold room, the pinnse-tips certainly cooled somewhat. In other 
dogs with transections at 2nd and 1st thoracic or 8th or 7th cervical 
levels the pinnae remained “warm” as did the feet. 

As to cold shivering in the paraplegic dog, Goltz, from observations 
by Freusberg, considered the shivering to be spinal. Eichet(32), how- 
ever, noting that in the chloralised dog severance of the spinal cord at 
once confined the field of shivering to muscles headward of the spinal 
transection, concluded that shivering requires a prespinal nervous 
mechanism. It remained open whether cold shivering as a spinal 
reflex might not become possible when sufficient period had elapsed for 
recovery from the depression of reflex action which ensues for a time on 
the transection. In regard to this, Laslett and myself (38) showed that 
the absence of cold shivering from the paraplegic region stUI persisted 
in dogs after complete subsidence of aU depression from the spinal shock 
following transection. Thus, we instanced a dog retaining excellent 
general health for 580 days after exsection of the 8th cervical spinal 
segment, in which free shivering, when the dog was cooled, occurred 
headward of the lesion but no trace of shivering ever trespassed backward 
to the muscles innervated from behind the lesion. So similarly in dogs 
300 days after exsection of 2nd thoracic segment and 315 days after 
exsection of 6th thoracic. Observations of this Hnd repeatedly made m 
other chronic transection experiments have always given me the same 
negative result. Shivering was absent from the paraplegic region as 
completely a year and a half after spinal severance as at first, and was so 
although the usual spinal limb and other reflexes, cutaneous and deep, 
were brisk, and the femoral pressure (Hill’s sphygmomanometer) as 
high as about 122 mm. Hg. Shivering was absent, although by the kymo- 
'■ graph and open artery method fair vaso-constrictor reflexes were 
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obtainable, under stimulation of the skin and various afferent nerves 
of the paraplegic region. Recently Barbour and Tolstoi in a dog 
surviving seven days after spinal transection between 6th and 7th cervical 
segments point out the absence of shivering behind the lesion when cooled 
to rectal temperature 32-6° C. And Rogers and Lackey report an 
observation that in a 'dog with mid-thoracic transection exposed to 
cold nine months after transection the hind quarters did not sliiver. 

The non-appearance of cold shivering in the paraplegic region of 
the dog can reveal unth great clearness the exa'-t segmental level of the 
spinal lesion by demarcating the muscle-field innervated behind the 
lesion from that in front. The boundary so shown will actually subdivide 
an individual muscle, e.g. the anterior part of deltoid ivill shiver violently 
while in its posterior part no shivering can be evoked. In paraplegic 
man also (Kennaway and Pembrey) shivering fails below the lesion, 
and could exhibit the segmental level of a traumatic lesion. 

Returning to the possibility of eliciting cold-shivering as a spinal 
reflex, direct observation as mentioned above revealed that the surface 
of the skin innervated from behind the spinal lesion, instead of turning 
cold in the full normal way under exposure to cold, continued fairly warm. 
There remained the possibility therefore that a stimulus, f.e. coldness of 
skin, which might be requisite for shivering as a spinal reflex, was in the 
above experiments locally wanting. To escape this possible source of 
negative result, spinal dogs carefully supported by the axillaj were 
immersed in ice-cold water nearly up to the front limit of the paraplegic 
region. How fully they had recovered from Spinal shock is shown by the 
immunity with which even those with cervical transection bore this 
nearly vertical “head-up” posture, demonstrated by L. Hill to involve 
fainting where severe vasomotor paresis is present. Such posture is 
easily fatal to a dog in the first month after cervical transection, and 
three animals were lost early after operation in this way while being 
carried by an unskilled attendant. The immersion was continued until 
the immersed skin felt quite cold, indeed remained so long after with- 
drawal from the water; yet no trace of shivering set in belund the 
transection. The experiment was repeated on a number of spinal 
dogs at various times; always with failure to produce shivering belund 
the lesion. The ice-cold water cooled the skin throughout the spinal 
regions severely. The conclusion drawn is that shivering to cold cannot 
be produced as a spinal reflex. 

It was frequently noticed that in the paraplegic hind lim s a er 
immersion in ice-cold w-ater, e.ff. for 15 mins., the ordinary re exes. 
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ipsilateral flexion and contralateral extension could -svith difficidtj be 
evoked, at least from the skin. That this was due to merely peripheral 
numbing is probable from the observation by Sturm van Leeuven and 
van der Made that central cooling of the decapitated cat, even to 30° C., 
does not much depress these reflexes. Moreover in my experiments the 
knee-jerk remained readily elicitable though greatly altered in character, 
having, as Britton has shown, become of extreme tonic type. The slight 
active extension of the knee produced by each jerk relaxed so slowly 
that the next jerk even 2 secs, later found the knee still in approximately 
the same degree of extension to which the previous jerk has brought it. 
Britton notes that exaggerated tonic spasms of the postural musculature 
occur when the temperature of the recovering animal stands between 
21° C. and 25° C. 

There was, however, in the paraplegic dogs acute shivering headward 
of the lesion, and the mouth and rectal temperatures fell rapidly, the 
latter on one occasion to 32*2° C. although the thermometer was inserted 
very far. No ill-effects accnied from any of the exposures to cold by 
immersion; Britton has shown that the cat recovers after cooling to a 
rectal temperature as low as 19° C. 

As to the shivering in the non-paraplegic region, it was frequently 
seen to occur when {vide supra), after transection between the 7th 
cervical and 2nd thoracic levels, the dog’s ears, nose and feet felt warm. 

In a cold pail experiment, shivering was observed in the head and 
neck in a “cervical spinal” dog when with a room temperature of 24° C. 
the pinna temperature as read by surface thermometers was 34’3° C. ; 
the mouth temperature reading 36-3° C. The ears of the normal dog 
plunged up to its middle in the ice-pail soon felt quite cold as compared 
with those of the cer\dcal paraplegic dog. 

Observations were then carried out on the non-paraplegic, so to 
say “ normal,” region of the dog by immersion of the paraplegic region 
in ice-cold water in a heated room. The pail of iced water to receive the 
insentient portion of the dog was set in a waterproof sack; directly the 
immersion was begun, the mouth of the dry rubber sack was drawn round 
the chest close below the headward limit of the skin anaesthesia. An 
attendant supporting the dog kept it quiet and amused. The room 
temperatures varied on occasion between 30° C. and 60° C. and toallj 
63° C. An additional thermometer was suspended close to the dog itself. 
The follomng is a sample of results. 

White smooth-coated terrier: transection at 8th cervical 19 months 
3.42 p.m. in ataU at 27-5‘’ C., vaginal temperature 38-3'’ C., month inside cheek 38-1 0-, 
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pinnso feel quite warm, feet also Bcspiration 27 per mm At 3 58 p m removed to hot 
room Dry bulb 61® C ; wet bulb 31® C Immersion commenced At end of 3 mins pmna3 
and fore feet feel as “warm” as before, but thero seems to bo slight shivering At end of 
4th mmute obvious shivenng m temporal muscles, pmnsB and fore feet feel quite “warm ” 
At end of 5th mmute shivenng greater and in neck as well as head, pinmi and foot still 
feel quite warm. At end of 6th minute, shivenng more Ear and fore paw feel ‘ hot and 
dry.” Resp 24 per min Mouth inside cheek 37 8® C Dog taken from water and dried 
Vagmal temperature 37 3® C. rapidly nsing in the hot room to 40° C The shivering had 
therefore occurred when, although the blood temperature had fallen somew hat, the sentient 
skm itself seemed still warm 


A possible reflex source for the shivenng might be the lung, though 
this is unlikely considering the warmth of the air breathed in the just- 
mentioned experiment. A smooth-coated terrier, 1st thoracic segment 
exsected 11 months previously, was immersed in ice-water as desenbed 
above, but in a room of temperature 66° C. to 67’6° C Dunng the 
heating of the room pre\douB to the observations the wet-bulb thermo- 
meter stood at nearly 31° C. when the dry bulb was close on 60° C. Four 
days before the immersion experiment the nght vagus was severed m the 
neck with full amesthesia. On the forenoon of the day of immersion 
the left vagus was similarly severed In the afternoon, an hour prior to 

theimmersion,aamallopemngwasmadejustbelow the xiphoid, i e much 

behind the front bmit of body anaesthesia. In the stall at 27*7° C. the 
temperature given by a thermometer inserted against the liver was 
38*8° C. The thermometer was re-inserted and another, an “Immisch, 
placed with it, short threads from them issuing at the opening The bulb 
of a long-stemmed thermometer was also put through the xiphoid 
opemng so as to he to left of mid line between hver and diaphragm where 
the ventricles of the heart in the “head-up^’ position of the animal rest 


on the latter. The thermometer stem outside the xiphoid opemng was 
for most of its length covered with thick cork. Removed to the hot room, 
the ansesthetic body of the animal was then gently placed in the pail of 
water, but not so deeply as usual: the mouth of the dry rubber sack in 
wluch the pail was set was drawn round the ammal*s girth below the 
thermometer; in 1 min. the thermometer reading was 39*1 C, and 
3 mins, later, the immersion, etc., having been then fully adjusted, was 
40 6° C. Half-a-minute later, the thermometer, having reached 40 8 C., 
ceased to show further nee. About 20 secs later the thermometer reading 
was noted to be falling, the ears and fore-feet felt "hot,” and the ammal 
was panting acutely. The mucosa in the mouth was not dusky but pink 
The thermometer continued to fall gradually; panting ceased entirely 
when it reached 38*4° C., but the ears and skin of head and fore paws 
still felt “hot.” Shivering commenced 13 mins 20 secs, after commence 
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ment of the immersion, when the liver thermometer marked 37-1° C. 
The ears'and head and fore-feet still felt “ quite warm,” One of the short 
thermometers partly withdrawn read 37-2° 0. The shivering began in 
the temporal and lower neck muscles almost sjmchronously. During the 
next 2 mins, the shivering increased, never however extending behind 
the transection level, and the liver thermometer fell to 36*8° C. The ears 
and head and fore-feet stiU felt quite warm. The immersion, which had 
lasted 15|- mins, was then discontinued. The clinical thermometer was 
then withdrawn through the xiphoid opening and marked 41° C. as the 
maximum it had reached. The observation illustrates that heat-panting, 
as Eichet(3i) showed, and that also cold-shivering, can take place after 
double vagotomy. As to the cold-shivering, the sfa’n-surface headward 
of the spinal transection and therefore still through afferent nerves in 
normal rapport with the prespinal centres had in contact with it air at 
above 60° C. Moreover the sentient skin-surface was not cooled by 
sweating; no sweating was observed and the transection presumably 
excluded it. There was certainly none in the paws, from which observa- 
tion had also on many previous occasions consistently shown it to be 
absent. Yet when, as read by the liver thermometer, the deep tempera- 
ture sank to 37T, shivering began. The surface temperature of tie 
sentient sldn could under these circumstances hardly have been below 
the blood temperature, i.e. 37*1° C. But that figure is a fairly high surface 
temperature. If cold-shivering be provocable through afferent nerves 
of the skin, those nerves are presumably the afferent nerves from the 
cold-spots, whose receptive organs lie probably at junction of cutis vera 
and epidermis, the latter about 1 mm. thick. Their temperature in this 
experiment when shivering began was presumably between that of the 
blood 37-1° C. and of the air at 67° C. separated from them only by the 
epidermis perhaps 1 mm. thick. 

Considering that the cold-spots presumably often lie at a temperature 
below 37-1° C. and yet no shivering occurs, a cold-spot temperature above 
37- 1° C. can hardly per se, if the adequate cold stimulus be temperature 
distance below normal skin warmth, constitute a shiver-stimulus. In 
the above experiment the shivering set in, it is true, during somewhat 
rapid fall of the blood temperature and when the skin temperature, 
despite the hot air acting on it, must therefore have been sinking. Yet, 
admitting a “physiological zero” (on Hering’s view of temperature 
sensation) pos^'/^ sv higher than usual, the fall from it hardly relieves t e 
improbability k, in this experiment the fall was a shiver-stimulus to 
the cold spots, tk° ttemperature being of the height it was. The expen 
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inent seems difficult of explanation on tlic reflex view if tlie peripheral 
stimulus for shivering consist in subnormal temperature of the stiperficial 
skin, or in a sufficient fall of superficial skin temperature from an adapts 
tion zero. But on the view of the nature of the adequate stimulus for 
the “cold” spots arrived at by Ebbecke in his interesting paper, the 
experiment seems compatible with the observed shivering being reflex. 
Ebbecke supplies evidence that cold sensation originates when warm 
blood flows through cold skin or when relatively cold blood flows through 
warm sldn. With this latter condition the experiment markedly complies. 
Adopting Ebbecke’s view of the'“cold” skin-stimulus, the issue of the 
experiment seems to narrow itself to the shivering being either a reflex 
evoked from the skin, or a reaction of deep source reflex or “central.” 

A source “deep” in situation but still reflex in operation, might be 
for instance in the receptor organs of skeletal muscle. Examination of 
this possibility was attempted by severing afferent spinal roots. In a 
small smooth-coated terrier five consecutive afferent roots for the right 
hind limb were severed, under full anmsthesia; two months later the 
animal, otherwise normal, was partially immersed in cold water. In less 
than 2 mins, shivering set in, and soon involved the muscles of both hind 
limbs, the right somewhat less strongly than the left. Similarly with a 
rough-coated larger dog with seven consecutive afferent roots severed. 
In another with severance of five afferent roots to right fore limb the 
muscles of the right limb shivered, but very distinctly less than those of 
..^.th^eft ; the normal limb shivered sometimes without the deafferented. 
ivers in the deafferented limb were noted to be always synchronous 
^'ose of the normal. Bazett and Penfield noted bilateral 
after unilateral decerebration in tbe cat. The observations 
■'* . -.^at muscles, when no longer in afferent connection with the 

^.,.eatral nervous system, still exhibit shivering from cold. 

Taken together, the observations tend, so far as they go, to refer the 
shivering to cither a cutaneous reflex, the mode of stimulation pro- 
pounded by Ebbecke explaining its excitation, or to a central 
origin, e.g. a direct effect of temperature on the central nervous mech- 
anism. This latter was the conclusion come to by Riohet so far back as 
1892, and is an alternative strengthened by analogy with the evidence 
on thermal polynsea (Eichet( 3 i)), and the results established by 
Barbour(i) and his subsequent co- workers {3. 4, 5), also by Hasbimoto, 
from experiments with localised cooling and warming of the brain, an 
by observations of O’Connor and of Heymans on cooling and warming 
the blood supplying the head. In regard to the “ central origination o 
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shivering, one might perhaps hardly expect that it would cover cases 
where shivering is an adjunct, as experience shows, not only to one and 
the same particular blood temperature, but to temperatures varying with 
varying circumstances. Eichet accepts, and so s imil arly, if I understand 
them aright, do Barbour, Heymans, Rogers and others, the proba- 
bihty of the occurrence of reflex shivering as well as “central.” The 
experiments reported here seem conclusive against spinal shivering, but 
seem quite compatible, by adoption of Ebbecke’s view of the stimula- 
tion of skin by cold, with shivering as a prespinal reflex. 

The locus of the central nervous mechanism of cold shivering, either 
reflexly or centrally stimulated, is clearly prespinal. The shivering being an 
item of general thermotaxis (Eichet ( 33 , 34 ), Pembrey ( 28 , 29 ), Johann- 
s 0 n), its central localisation may correspond with that for general nervous 
temperature-control. This in the pigeon is shown by Rogers ( 35 , 36 , 37 ) 
and co-workers to be thalamencephalic. Bazett and Penfield, on de- 
cerebrate cats, preserved in one case for as long as 26 days, with very 
complete temperature records, obtained no shivering, and point out 
that their experiments in conjunction with those ofDeBarenneon the 
cat kept flve months with total brain-ablation above the thalami, show 
that control of temperature in the cat is “ definitely located between the 
level of the middle of the superior colliculus and 2 mm. in front of pons 
and the upper limit of thalamus.” Rogers and Lackey write that after 
destruction of the thalami (pigeon) there is loss of response “to atmo- 
spheric cold by increased activity of the striated muscles such as 
shivering.” The supervention of shivering later than spinal activities 
in the mammal awakening from hibernation (Pembrey and Pitts ( 30 ), 
Pembrey ( 29 )) thus seems natural. Britton finds that in recovery from 
cooling to 16° C. (rectal) a number of spinal reflexes, e.g. knee-jerk, 
Achilles thrust and stepping return earlier than shivering. In my own 
experience chloroform depresses and abolishes shivering earlier than it 
does many spinal reflexes. 

Spinal transection impaired, of course, the dogs’ adjustment to heat 
as weU as to cold. In dogs with cervical transection it was constantly noted 
that when they were exposed to heat the tongue at frequent intervals was 
swept forward to moisten the snout. The noses of these dogs were con- 
tinually dry. After mid-thoracic section, the hind-feet were constantly 
dry as weU as warm; similarly the fore-feet also after severance at the 
8th cervical level. The absence of heat-sweating in the paraplegic region 
is well known from observation by numerous observers, although profuse 
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sweating unrelated to heat occurs in the paraplegic region in patients 
as a spinal reflex (Head and Riddoch). A dog with transection of 
132 days at 1st thoracic level transferred from a stall temperature of 
26’5° C. where its temperature (vaginal) was 37-9° C. to a hot room at 
61° C. showed at end of 25 mins, a temperature of 41-6° C. It began 
to pant violently about 12 mins, before removal from the room. But its 
feet though hot remained perfeetly dry throughout. The animat did 
not, apart from panting, seem distressed by the high temperature. A dog 
with transection at mid-thoracic level similarly exposed showed a rise 
of temperature to 39'6; its fore paws sweated freely but the hind paws 
remained dry. 

The contrast between normal and paraplegic dogs in their reaction 
to rise of external temperature was illustrated by the follorving. Three 
“cervical” dogs, R, S and T, in good nutritive condition, and of weights 
about 7, 6-5 and 9 kilos respectively. R’s transection at 7th cervical, 
S’s between 8th cervical and 1st thoracic, and 2”s through the 2nd 
thoracic, the operations respectively 186, 294 and 148 days prior to the 
heat exposure. They, along with a normal adult terrier N and a 12-week8 
puppy, were exposed in their stall to a rising temperature, the temperature 
finally reaching in somewhat over three hours 48° C. dry-bulb. The wet- 
bulb temperature, important in this connection (J. S. Haldane (it, 15)), 
was not observed at the maximum temperature of the room, but when the 
room was under process of heating its wet-bulb temperature had read 
29° for dry-bulb 44°. Dr Haldane draws my attention to the certainty 
that the wet-bulb temperature would, as the experiment proceeded, have 
been influenced, not only by the rising room temperature, but by the 
further wetting of the air from perspiration and respiration. So that the 
preliminary wet-bulb observation understates the severity of the ultimate 
exposure. Chart 4 gives the course of the observations. The room tem- 
perature was observed in each of the three open stalls, rather widely 
spaced, occupied by the three paraplegic animals. The wooden floor of 
the stalls was some 9 ins. above the cement floor. The normal dogs were 
free in the stall-room. The room was 32 ft. by 22 ft. by 10 ft. and was 
heated by hot pipes, electric heaters and a gas stove. A hot summer 
forenoon was chosen. The temperature of R’s stall rose rather Hgher 
than did S’s; conformably R’s body temperature (vaginal) rose higher, 
i.e. to 42-4° C. than did S’s. Dog T had received its bath (in water at 
33° C.) about one hour before the raising of the room temperature.^ It ha 
been carefuUy rubbed and “dried,” but its coat was still moist. Its 
temperature started lower than that of the two other spinal dogs, nor 
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did ife rise so high as theirs. It was a rather larger animal. The feet of all 
the spinal dogs remained dry throughout the experiment, though the 



Chart 4. 


feet were thought to feel even warmer than usual. Conversely, the feet 
of the normal dog and puppy sweated so profusely that their steps left 
dark prints of moisture on the cement floor. The ears of the normal dogs 
were hotter to feel than those of the spinal dogs though these latter were 
quite warm. Panting began almost simultaneously in dogs R and S; 
T did not begin to pant until 20 mins, later, when the temperature of 
the room was higher. Panting became marked in each case when the 
temperature (vaginal) lay between 40-2° C. and upon a further rise the 
panting became violent. Thus iu R respiration rate 146 per min., in S 
132, and in T 137. At a time when the puppy, with a temperature 38-7°, 
was breathing 46 per min., and the normal dog, with a temperature 37'8°, 
was breathing 18 per min., the normal dogs’ ears were however hotter to 
palpation than were those of the spinal dogs, and the normal dogs’ feet 
were wet with sweat. An hour later than spinal dog T, and when the 


room temperature was 45° C., the normal dog began to pant, nob con- 
tinuously but in short fits. Its vaginal temperature was then 37-9° C. 
Despite their panting and high body temperature, the spinal dogs showed 
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at no time signs of illness or distress. They watched with ev-ident 
inferest(our movements about the room, greeted with eagerness their 
turn for a temperature taking, and each was impatient of attention 
recpi''^ by another. Nor did any of the dogs show ill after-effects. The 
sanfe”^ was not the case, however, with some other animals in the room. 
Prior to the room temperature being raised, all animals quartered there, 
except the five dogs mentioned, had been removed lest they might suffer 
barm from the temperature which it was intended the room should reach. 
But I had made an exception of three African monkeys {Cercopilhecus 
callitrichus), in the belief that they, from a tropical climate, would like 
rather than dislike the heat. Small monkeys of about 3’5 kilos each and 
in excellent condition, they were housed two together and one apart in 
two cages, each of about 34 cubic feet, having one side open save for 
thin iron well-spaced vertical bars, and a partly open grid top. The two 
cages stood on a long piered slate slab 1 ft. G ins. above the floor, i.e. about 
9 ins. higher than the dog stalls. The higher ol the two thermometers 
recording the temperature of each dog-stall hung at above the level of 
half-way up these cages. After the work of observation on the dogs began 
we paid no attention to the monkeys. It was when the experiment was 
at its height and the dogs’ and stalls’ temperatures had been taken at 
3 o’clock that I noticed one of the monkeys prone in its cage. I found on 
lifting it that its skin felt very hot. It was unconscious and its companion 
nearly so. The third monkey occupying a separate cage lay also un- 
conscious. All three were taken promptly from their cages and carried 
quickly to another room where they were plunged and bathed in water. 
One never regained.consciousness; its rectal temperature was 43-1'’ C. The 
two others revived with the cool bathing. One of these seemed somewhat 
delirious during the foilorving three hours. Next day both appeared well, 
took food and behaved as usual; nor did further ill-effects follow. As 
for myself and the others who took part in the observations in the hot 
room, we experienced no real discomfort either then or afterwards, 
although in it as long as were the animals, and working hard there. One 
factor determining the quicker rate at which the exposure affected the 
monkeys would be their relatively smaller size and mass-surface ratio. 
The great influence of this factor is strikingly shown by Haldane’s 
observations ( 14 , 15 ), in which, for instance, a saturated-air temperature 
of 48*5° C. occasioning a rise of human body-temperature of about 2*6° C- 
in 15 mins, caused a fatal heat-stroke to a canary in 3 mins. “A small 
warm-blooded animal can be used as a rapid test of a hot atmosphere 
which will in time be dangerous to man.” Haldane, p. 556(15). 
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In Chart 4 “panting^’ indicates where Richet’s (30,33) “p(e^>iypna!a” 
appeared. The polypnsea often sets in suddenly; but it can be p).''Mceded, 
and in these experiments was so, by gradual considerable inC "Kase of 
breathing frequency, Hey mans’ “tachypnsea.” The chart mai^^^’- 
mencement of full polypnsea only approximately. B a z ett and P e d 

in their observations with precise automatic temperature registration in 
cats surviving transcoUicular decerebration, point out that though full 
heat-polypnsea did not develope, the progressive rise of body temperature 
was accompanied by progressive acceleration of breathing frequency. 
In agreement with their experience has been my own failure to find 
heat-exposure produce full thermic pol)q)n8ea in the decerebrate dog or 
cat, though when the rectal temperature has risen to 41° C. the breathing 
rate may be trebled, and may be accompanied by some accessory 
respiratory movement of lower jaw and cheeks. But I have not then 
seen “panting” in the sense of respiratory to-and-fro tongue movement 
visible through an open mouth and retracted Up-commissures, and 
breathing rates of 130 and more per min. as in the paraplegic dogs of 
the above experiment exhibiting true heat-polypnsea. In an observation 
with Mr Liddell, on a cat decerebrated 4 mm. anterior to the anterior 
colUcuU, exposure for 65 mins, to a room temperature rising from 27° C, 
to 34° C. raised the rectal temperature from 37*6° C. to 42-7° C. ^Vhen 
rectal temperature reached 41*1° C. the breathing frequency which at 
commencement had been 30 had gradually increased to 75 per min., 
but at 42'5° rectal temperature the breathing rate was 66 per min. and 
although sUght respiratory action of jaw and mouth angles had developed, 
the preparation succumbed gradually to the heat exposure, when the 
rectal temperature reached 42-70° C., Avithout ^t any time developing 
“panting” or true thermal polypnsea. 

Often with a high vaginal temperature the spinal reflexes in the 
paraplegic dogs became noticeably brisk. This difference from the 
temperature effect on the decapitated cat (41) may depend on the cir- 
cumstance that in these dogs the period of spinal shock had had time to 
pass off. In the decerebrate cat warmed to a high vaginal temperature, 
e.g. 40°, violent running movements are apt to be brought on by even 
light handling of the preparation. In traumatic paraplegia the febrile 
^ depression of spinal reflexes described cUnicaUy by Head and Riddoch 
\ would seem therefore, as they suggest, to have its cause in toxmraia rather 
\;han in the febrile temperature per se. 

' In their resistance to exposure to heat normal dogs and cats seem 
to present considerable individual differences even apart from relation 

\ 
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to weight, age, coat and nutritive condition. Thus five normal dogs were 
placed in a room which was heated to 66° C. prior to observations on a 
spinal transection animal. They were free, i.e. not in stalls. AU were small 
mongrel terriers of 3-4 kilos, in good health, about the same nutritive 
condition, and, though adult, young. One of them, after some 20 mins., 
removed itself to a comer where the temperature may have been less, 
and there lay down. Its behaviour excited no further attention until 
about 10 mins, later, when it was noted to be panting and salivating. Its 
temperature (vaginal) before entering the warm room had been 37-3°, 
and no higher than that of the others. At the end of 37 mins, in the hot 
room this dog, evidently getting worse, although the others seemed quite 
comfortable, was removed from the room, very excited, seemingly 
delirious, tossing its head about, panting too rapidly for a count by 
inspection, salivating extraordinarily profusely, sweating freely from 
the feet, with pinn® which felt hotter than any dog’s I had felt, and ivith 
nipples distinctly redder than at first they had been; likewise the tongue, 
oral mucosa and fauces were bright pink. The vaginal temperature taken 
immediately on removal from the room was 43-2°. In a cool room the 
temperature subsided quickly and no ill after-effects ensued. The other 
dogs, remaining in the room some 6 mins, longer, were in no distress from 
the heat; vaginal temperatures below 39°; occasional short fits of panting 
never prolonged or violent. The distressed dog was neither the largest 
nor the smallest of the dogs ; it weighed 3-4 Idlos, its coat differed from the 
others somewhat in being slightly “broken,” i.e. rougher haired, but 
was of the same colour, white, like the rest. Professor R. S. Wood- 
worth, who kindly took part in the observations on this as on some 
other occasions, the attendant, and myself felt no malaise though in the 
hot room longer than the dogs. Professor Woodworth’s pulse was 124, 
mine 121, at end of our work in the hot room. 

Again, in a room with 15 cats, all young and of about like size, stalled 
singly in similar cages in three tiers, the temperature raised from 26° 
up to 35° in 70 mins, brought no disturbance to any of them but one, 
a cat in the lowest tier, not at the hotter part of the room. Just at close 
of the exposure period this cat was seen to fall, then clumsily rise, panting ; 
it seemed slightly delirious, the tail tip was lashed, the claws extended, 
and the jaws snapped “at the air.” Rise of room temperature was at 
once stopped. The rectal temperature marked 39-5°. The panting con- 
tinued for a time while the room temperature fell quickly. Forty minutes 
later the cat seemed quite recovered and received its meal. Three days 
later the same cat with 14 more, some of them of the previous exposure, 
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and all now chosen as closely resembling it in age and size and condition, 
were exposed at the same time of day as before to warming of the room 
from 26° up to 39° in 70 mins. Again the heat embarrassed no other of 
the cats than it. Three of them lay curled up quietly asleep throughout; 
others slept at times; others paced their cages inviting attention. The 
cat that had shown signs before was this time in a cage of the top tier 
half way down the room. Its breathing had been 23 per min. at com- 
mencement: when 22 mins, had elapsed, it was breathing 108 per min., 
the room being 32-5°. It was breathing slower, 74 per min. a little later 
when room temperature was 33-5; its paws felt dry; those sampled in 
two others were slightly moist. At the end of one hour it was lying down 
breathing 124 per min., but not panting with open mouth; in the cage 
next to it a sleeping cat was breathing 12 per min. The breathing of two 
other cats, then pacing their cages, was 25 and 36 respectively. Ten 
minutes later, when the exposure finished, the cat was breathing less 
quickly, 119 per min., though still lying down at full length and obviously 
distressed, yet not actually panting. Its rectal temperature then taken 
was 39-2°; that sampled from two of the others 37-9° and 38'1° respec- 
tively. The cat that showed distress was 2*6 kilos, healthy, and neither 
fat nor lean, not the largest nor the smallest of the batch, and, like the 
rest, scarcely yet full-grown. 

Stoimaby of Cokclusions 

In dogs long after complete subsidence of spinal shock as judged from 
usual post-transection reflexes, there persists in the region innervated 
from behind the transection marked failure of adjustment of the surface 
blood-supply (paws, pinnse, nose) to changes of surrounding cold and 
warmth. The failure of this vascular adjustment, though not absolute, 
remains severe and without improvement; along with it there is com- 
plete abeyance of sweating to heat and in the muscles complete abeyance 
of shivering to cold. Diurnal fluctuation, of 2° C. in the stall temperature 
afiected conspicuously the vaginal temperature of cervical paraplegic 
dogs fully recovered from spinal shock. ; 

In dogs all attempts, even by considerable exposure, to induce cold- 
shivering in the paraplegic region as a spinal reflex entirely failed. 

On cold immersion of the insentient paraplegic portion of the dog, 
shivering occurred headward of the spinal lesion even when the skin 
surface headward of the lesion stiU felt to the touch fully warm. 
Shivering under these circumstances is, on older views of the nature o 
the adequate skin-stimulus for “cold,” difficult to explain as reflex, 
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but is yet not precluded from being reflex on the view propounded by 
Ebbecke for the nature of the adequate skin-stimulus for “cold” 
sensation. SHvering under these circumstances may, on the other hand, 
be possibly of deep origin from direct cooling of a central (diencephalic) 
central thermotaxic mechanism. 

Shivering seems not to require the afferent nerves of the lung or of 
the shivering muscles. Shivering, refle.x or “central,” requires, like 
Eichet’s heat-polypncea, some central nervous mechanism anterior to 
the mid-brain. 

Instances where, under severe but short-lasting changes of sur- 
rounding temperature, the body temperature (vaginal) of the dogs fell 
to 32-3° C., or, on the other hand, rose to 42'5° C., were not productive of 
serious mischief, and after the animal’s return to its stall at 27-28° C., 
the body temperature quickly regained its approximate normal. A rise 
of temperature (vaginal) reaching 43-2° C., productive of delirium, profuse 
salivation and acute symptoms of distress, was yet rapidly recovered 
from on removal to cool surroundings. It would seem therefore that 
even in high paraplegia, thermometry of somewhat frequent interval 
can, as Pembrey has pointed out, notify over-stress of thermotaxis in 
ample time for the taking of successful measures of relief. 

I tender my hearty thanks to Dr Haldane and to Professor Pem- 
brey for valued counsel from them regarding the accompanying state- 
ment of these admittedly desultory observations. 
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THE RELATIVE INFLUENCE OF MENTAL AND 
MUSCULAR WORK ON THE PULSE-RATE AND 
BLOOD-PRESSURE. By R. D. GILLESPIE, McCunn 
Scholar in Physiology. 

(Prom the Institute of Physiology, Glasgow University.) 

Studies of the changes in pulse-rate resulting from various kinds of 
stimuli are numerous. As Tigerstedt has remarked; “It is an old and 
well-known fact, that the pulse-rate changes in one or other direction 
under the influence of all kinds of stimuli.” But not much is known of 
the influence of mental work on the rate of the heart, and in the results 
obtained there is a lack of unanimity. Yet the question is of some 
importance; for it has been suggested by Benedict(i) that “pulse-rate 
indicates, in a general way, internal muscular work and muscular tonus” 
and is consequently within limits, an index of metabolism. For this and 
other reasons it is desirable that definite data should exist as to the effect 
of mental work on the rate of the heart, and also on the blood-pressure. 
The data so far obtained are as follows: 

Pulse-rate. Vaschide(2) observed a diminution in his pulse-rate 
during a period of nine days in which he worked for an examination, as 
compared with a period when he did a similar amount of light work 
(attending classes, etc.) but little or no mental work. 

Benedict and Carpenter(l) found a rise in pulse-rate in students 
working at an examination paper. DodgeP) criticised their methods, 
on the groimd of unsatisfactory controls, but confirmed their results. 
Dodge’s own methods are open to criticism. He investigated the pulse- 
rate changes in only three subjects, and this at a time when they were 
under a certain amount of emotional stress. In investigations of this sort 
it is essential to eliminate so far as possible all emotional factors. Dodge, 
however, recognised the importance of obtaining a basal rate before 
commencing an experiment, and attributed the lack of unanimity in 
other observer’s results to neglect of this. 

According to Binet and Henri(4), mental calculation lasting for 
periods varying from a few seconds up to 3 or 4 minutes has almost 
constantly the effect of accelerating the pulse by 5 to 20 beats per 

minute. They attribute the acceleration to nervous influences. SIosso(5) 
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found, in observations on persons with cranial openings, that mental work 
was accompanied by an increase in brain-volume and an increase in 
amplitude of tbe cerebral pulse-wave, A plethysmographic tracing taken 
simultaneously from the forearm showed, however, no change. Hence 
the alteration in the cerebral pulse is, according to Moss o, not due to 
increased heart-action. Gley(6) confirmed this, and attributed the result 
to vasomotor influences on the carotid. Morse}li(7) stated that the in- 
crease in brain-volume did not occusr immediately and considered that it 
was caused by psychic activity. Binet and Courtier{e) experimented 
with prolonged intellectual work, and noted that the pulse was small and 
dicrotism high. Ioteyko(9) concluded that a strong short inteljectual 
effort produced vaso-constriction and acceleration of pulse, followed by a 
slight falling off. 

Blood-presstire. Kiesow(iO) obtained negative results, while Binet 
and Vaschide(ii) observed an increase of blood-pressure in the hands. 
Lahy (12), measuring the blood-pressure just after the cessation of mental 
work, fmmd that it was greater than the blood-pressure existing before 
the experiment began; and on comparing- the results obtained by measuring 
the blood-pressure of soldiers after a march, with that of typists after a 
fast typing exercise, concluded the blood-pressure rose higher in mental 
than in physical work. This rather astonishing result depends on two 
fallacious assumptions: (a) that measurements taken after work are a 
reliable index of the changes in blood-pressure during work, and (b) that 
the muscular movements of typing produce no change in blood-pressure. 
L. Hi II (13) observed an increase in blood-pressure as the result of what he 
cautiously calls “mental excitement” — the result of his ordinary day’s 
work of lecturing, etc. — as compared with his blood-pressure on a 
holiday. Pi Ilsbury and Grif fiths(i4) foimd a decrease in blood-pressure 
after mental work; but their observations were made only after work,' 
the differences recorded were very small, and they were not always careful 
to ensure that a resting-level had been attained before work was begun. 

Methods. The mental work in our experiments consisted as a rule in 
the addition of vertical columns of 4 single-digit figures. The figures 
were arranged in the way suggested by Me Queen (15), only the numbers, 
from 5 to 9 being used, so that the 4-figure additions were of fairly uniform 
difficulty. The band of white paper on which the figures were inscribed 
(m blue, in large script about 6 cm. high and easily legible at the required 
•^stance of nearly 2 metres) travelled over three drums, one of which was 
actuated by an electric motor. The speed of presentation of the figures 
could be varied to suit each individual. The figures moved from right to 
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left, the subject adding vertically and proceeding from left to right. A 
screen was arranged so that no more than six columns of figures were 
exposed at the same time. This allowed for variations in the rate of 
addition, and facilitated the subject’s attention by eliminating the rest 
of the figures from his vision. The experimenter noted the results of 
addition as they were called out by the subject, at the same time marking 
the passage of 10 seo. intervals: the rate of addition could thus be 
estimated. Twenty-three subjects were available and over 80 experi- 
ments in three series were carried out. 

The blood-pressure readings were taken by means of a carefully- 
calibrated Tycos instrument attached to the arm placed at the level of 
the subject’s heart. A Tycos was used because from it readings can be 
taken rapidly with a minimum of disturbance to the subject. The pulse- 
rate was counted at the wrist. In all cases, care was taken that the blood- 
pressure and pulse-rate had reached resting-level before an experiment. 
The duration of an experiment varied from 5 to 30 minutes. Three 
distinct series of experiments were carried out — the first series with a 
group of ten male students, the second with five (male) laboratory 
workers, and the third with a group of eight women students. The second 
series was especially directed to the elimination of emotional and other 
factors which might invalidate the results of the entire research. 

Series I. In the first series otten male students, a comparison of the 
blood-pressure and pulse-rate changes occurring in mental work was made 
with those occurring in the same subjects in muscular work, and in 
simultaneous mental and muscular work. The muscular work consisted 
in exercise with one arm on the convertible ergometer of Cathcart, 
Wishart andMoCall(iO). The subject was instructed to work at the rate 
that seemed to him the most comfortable, against a resistance of 1 kgm. 
The work done was usually of the order of about 11,000 kgm. per hour. 
The revolutions of the ergometei' wheel (and thus the rate of working) 
were recorded continuously during the experiment. By means of an 
electrical device, the two “Veeders” used for this purpose recorded 
alternately over 10 second intervals: records of any variation that might 
' occur in the working rate could in this way be obtained. Each experiment 
in this series consisted of three parts, viz. {a) mental work alone, (6) mus- 
cular work alone, and (c) combined muscular and mental work, and each 
tripartite experiment was repeated at least three times. Each part of 
an experiment lasted on the first occasion for 15 minutes: on the two 
subsequent occasions the duration of each part was 6 minutes. The ex- 
periments were performed as a rule on separate days, with about a week a 
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interval between each experiment, Tbe subjects in this group were 
instructed to perform the mental work as rapidly as possible. 

The individual results of the first set of experiments of this series are 
given in Table I. The averages of the second and third sets, which were 
similar to those in Table I, are given in Table II and with these for 
comparison the averages of the first set. 
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Table H. Average percentage increases in pulae-rate and blood-pressure. 
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It will be observed that the values for the percentage increases in 
blood-pressure diminish in the two latter sets of experiments, and this 
fall is rather greater in the case of mental work alone. 

The pulse-rate also rose during mental work alone, in all the experi- 
ments of this group, but it showed a less close correspondence with the 
rise in pulse-rate occurring during moderate muscular work than did 
the corresponding changes in blood-pressure. It will be observed that 
the rise in pulse-rate is not so marked in the later experiments. 

Where mental and muscle work are combined, the rise in pulse-rate 
and blood-pressure tends, in a majority of cases, to be higher than when 
either mental or muscular work is performed alone {vide Tables I and II). 

The diminished extent of the rise in pulse-rate and blood-pressure 
\ in the later experiments suggested that the increases recorded might be 
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due partly or even wholly to emotional factors. The second series of 
experiments was therefore initiated in a group of five laboratory workers, 
who might he expected to experience, and as a matter of fact did ex- 
perience, little emotional disturbance of any kind in tests of this sort 

Series II. In tlie second aeries of experiments with five laboratory 
workers, mental work only was undertaken. The duration of the experi- 
ments was from 5 to 15 minutes The position of the subject was varied, 
in some cases the subject sat on a stool, in others at ease in an armchair, 
and in others, he lay recumbent on a bed The object of the last two 
positions was to secure as complete muscular relaxation as possible The 
instructions to the subject varied: in some instances, it was to add as 
rapidly as possible, in others to add at a comfortable rate Since the 
blood-pressure and pulse-rate might conceivably be influenced apart 
from definite mental effort, by e g. articulatory movements (“subvocal” 
during additions, vocal while calling out the results) or by the ocular 
movements of fi.xation of the figures on the moving paper, control ex- 
periments were performed in which the subject was instructed simply to 
read aloud certain of the figures as they appeared, or merely to call out 
numbers while keeping his eyes closed. 

Twenty-one e.xperiments, consisting, as a rule, in adding for 5 minutes 
in the manner already described, were done by them, together with 
ten controls. In all 21 experiments a rise occurred in blood-pressure, 
and in 19 out of 21 a rise occurred also in pulse rate (Table III a) Of 
the two experiments in which the pulse-rate failed to rise, in one the pulse 
had certainly not fallen to its resting level before the start, and in the 
other this wms also probably the case In only two of the experiments 
was there a subjective record of anything like excitement In the control 
experiments (Table III b), which were performed with the object already 
stated, VIZ. to eliminate the effect of muscular tension, and of movements 
of articulation and ocular fixation, a rise in blood pressure occurred in 
six out of ten experiments, but it was much less on the average than the 
changes produced by mental work (see Table III o) Similarly with the 
pulse-rate, which showed a rise in only four oases out of ten, and then of 
much less magnitude than in the mental work experiments It appears, 
then, that adding performed while in a state of as complete muscular 
relaxation as it was possible to obtain, %.e. m the recumbent position in 
a bed, did not fail to produce a rise in pulse-rate and blood-pressure. 
On the other hand, when no addition was done, the subject simply 
reading aloud figures from the moving paper, little or no rise occurred. 

Senes III. A third group of subjects, consisting of eight women 
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Tabi^ V. Blood-preasure and pulse-rate during mental work. 
First aeries o£ experiments. 



Max. 

Time to 

B.P. 

Max. 

Time to 

P.R. 

Subject 

rise of 

reach max. 

at end of 

rise of 

reach max. 

at end of 

B.P. 

in mins. 

14 mins. 

P.R. 

in mins. 

15 mins. 

A. 

22 

5 

112 

22 


120 

S. 

26 

U 

136 

18 

] 

72 

D. JL 

30 

H 

112 

22 

If 

72 

M. 

40 

1 

152 

18 

2 

112 

McK. 

14 

3 

138 

20 

6 

70 

D. M. 

8 

1 

110 

16 

IJ 

86 

•T. R. 

12 

1 . 

126 

18 

3 

92 

P. 

40 


128 

20 

3 

98 

R. 

8 

2 

132 

8 

IJ - 

96 

C. 

16 

li 

118 

8 

1 

96 

attaining 

a maximum 

in from 1 

to 3 minutes, and fell towards tbe end of 


the work-period. 


Conclusions. 

( 1 ) Mental work produces an increase in pulse-rate and blood-pressure. 

(2) The increase is independent of emotional factors. 

(3) The increase is not accounted for by movements of tbe articu- 
latory muscles, or by knoum muscle-tensions. 

(4) In combined mental and muscular work, tbe increases in pulse- 
rate and blood-pressure are greater as a rule than in mental or muscular 
work performed singly. 

(5) In tbe case of tbe women students, tbe pulse-rate increased 
proportionately twice as much as tbe blood-pressure; whereas in the 
male students, tbe proportionate increases in blood-pressure and pulse- 
rate were fairly similar. 

I wish to acknowledge my indebtedness to Prof. Catbcart, under 
whose supervision the work was done, and to the laboratory workers and 
students who so readily acted as subjects. 
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HYPERGLYCEMIC AND PHLORHIZIN GLYCOSURIA 
IN THE HEART-LUNG-KIDNEY PREPARATION. By 
S. DE BOER {Fellow of the Rochefeller Foundation) and E. B. 

VERNEY {Beit Memorial Research Felloio). 

{From the Institute of Physiology, University College, London.) 

The heart-lung-lddney preparation seemed to us an eminently suitable 
one in which to study the excretion of glucose under conditions of 
(o) hyperglyojemia and (6) phlorhizinicmia. Thus the experiments fall 
naturally into two groups. 

In the first series .we have investigated the threshold level of the 
blood sugar and studied the effects of variations in blood-pressure on 
this level, as well os the variations which ensue in the percentage and 
absolute amounts of sugar excreted during pressure diuresis when the 
blood sugar content is above this threshold. In man this threshold lies 
between O' 17 p.c. and 0'30 p.c., the latter being an extreme figure noted 
by Graham(2). Rose(3) gives 0'25 p.c. as the leak point in rabbits. 

The secretion of sugar in animals during profuse diuresis was first 
observed by Bock and IIoffmann(4), who infused large quantities of 
1 p.c. sodium chloride into the peripheral end of the carotid artery of the 
rabbit. Since no blood sugar estimations were made in their experi- 
ments, it is impossible to say whether the glycosuria they observed was 
not due to a hyperglycemia resulting from stimulation of the medulla 
by the hypertonic salt, rather than to an absolute lowering of the 
threshold by the extreme diuresis. This possibility in fact they recognise. 
Underhill and Closaon(5) later showed that the intravenous infusion 
of. hypertonic salt was accompanied by a polyuria and glycosuria which 
they attributed to an increased permeability of the kidney to sugar 
under these conditions. The blood sugar was below normal. Again 
Rose(3) showed that diuretin in rabbits was capable of causing a glyco- 
suria even if the blood sugar was 0'09 p.c. below the normal leak point 
(0*25 p.c.). There is, then, already evidence that diuresis brought about 
by various means in the intact animal lowers the threshold of the kidney 
for sugar. We have been able to strengthen this evidence by experiments 
performed on the isolated orgiin. 
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When the' blood sugar rises above the leak point value, sugar, as is 
well known, is passed in the urine in a concentrated form, the percentage 
varying inversely, and the absolute amount directly as the rate of urine 
flow(G), This is illustrated in the figures given by PollakcT) in Exp, XI 
(adrenalin glycosuria in the rabbit), but the relation is not quite definite 
probably on account of the comparatively small changes in velocity of 
urine flow, and of the small volumes of consecutive samples of urine in 
relation to which the dead space of the kidneys and ureters gives rise to 
a correspondingly large source of error. The same general, though none 
too close, relation between the rate of irrinary flow and the percentage 
and absolute amounts of sugar in the urine is shown in the experiments 
of Loewi(8), who investigated the effect of superimposing a diuresis 
elicited by the subcutaneous injection of 100 c.c. 10 p.c. NaNOg in dogs 
on a glycosuria already existing and brought about either by removal 
of the pancreas or by the intravenous injection of strong solutions of 
glucose. In our experiments the rate of urinary flow can be directly 
controlled and varied immediately at will by raising or lowering the 
blood-pressure (9). The changes in the composition of the urine tend 
therefore to be sharply defiined. 

The second series of experiments recorded in this paper deals with 
the action of phlorhizin on the isolated kidney. The evidence in favour 
of the “Elimination theory”^ is already overwhelming (lo), but it seemed 
to us necessary to investigate the effects of this body on the isolated 
kidney for two reasons, fibrstly because Pavy, Brodie and Siau{ii), 
perfusing the organ by means of a pump, came to a conclusion contrary 
to that generally accepted, and secondly, because the effect on the 
absolute amount of sugar secreted of a diuresis superimposed on a 
phlorhizin diuresis is still subjudice. 

Pavy, Brodie and Siau concluded from their perfusion experiments 
that the amount of sugar appearing in the urine was too great to he 
accoimted for by a simple lowering of the threshold of the kidney to 
sugar, and suggested that it was manufactured by the organ from some 
preformed constituent brought to it by the blood. The large quantity of 
phlorhizin they employed, however, was amply sufficient to account for 
the excess of sugar collected. Furthermore, their experiments were com- 
plicated by the addition of large quantities of chloral to the blood. 

Loewi(8) states that in the phlorhizinised dog a diuresis produced by 
the intravenous injection of hypertonic sodium nitrate or sodium sulphate 
1 For a short and excellent critical review of the four possible theories of the action 
hlorhizin, see the paper by Brlandsen (10). 
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produces no increase in the absolute amount of sugar secreted. It is to 
be noted, however, that blood sugar determinations were not made. In 
a further paper(i 2 ) he came to the same conclusion although in Esp. VII 
there is as a matter of fact a well-marked rise in the total sugar eliminated 
at the height of diuresis— viz. from 1-03 to 1-42 gms. per hour. The per- 
centage of sugar in the urine varied inversely as the urinary flow. 
Knopf(l3) comes to the same conclusion as Loewi with regard to the 
amount of sugar eliminated in diuresis in the phhrhizinised dog due to 
urea, whilst AVeber(H) states that salts and purines cause no increase 
under these conditions. The effect of changes in blood-pressure on the 
percentage and total sugar secreted has, as far as we are aware, not been 
investigated. 

MeOioi. Dogs were used for the experiments and the heart-lung- 
kidney prepared according to a method described elsewhere(i). The lungs 
were ventilated with warm air saturated with water vapour and the 
experiments were consequently performed under conditions of extreme 
acapnia. The blood sugar estimations were made according to the method 
devised by Maolean(i5), 1 c.c. of blood being taken for each determi- 
nation. The urine was analysed quantitatively for glucose by Benedict’s 
method ( 10 ). ■ 


First series of experiments. Three concordant experiments were made. 
The results of one are given in Fig. 1, and those of another in Table 1. 


Time 

Blood 

sugar 

% 

T. "C. 

— o » 

Table L 

Blood 

flow 

B.P. c.c. per 
mm. Hg. min. 

Urine 

flow 

C.C./15 

rains. 

Urine 

sugar 

o/ 

/o 

Urine 

sugar 

mgiQ8./I5 

mins. 

2.25 

0-04 

35-3 

100 72 

9-7 

m 

NU 

2-26. 

2-35 

Add 3 gms 
0-26 

glucose in 30 c,c. 0-9 % NaCl. 
35*3 95 89 

10-9 

Nil 

Nil 

312 

0‘23 

35-2 

120 94 

14-6 

Trace 

— 

3-32 

. 0-20 

35*2 

120 94 

11-8 

Trace 

— 

3’42 Add 3 gms. glucose in 30 c.c. 0*9 % NaCI. 
3-56 0*37 35 128 94 

18-7 

1-04 

194 

4-10 

0-36 

35 

128 91 

lC-5 

1-02 

1G8 

5-00 

0-33 

35 

90 70 

0-7 

1*52 

11 


In interpreting the results of these experiments we must remember 
that the concentration of sugar in the blood is falling continuously, and 
that this fact tends to annul any increase in concentration in the urine 
which might occur in a urine sample procured at a low blood-pressure 
compared to the immediately preceding one procured at a high. Con- 
versely the fall in concentration in the urine following a period of oliguria 
is accentuated. Bearing these considerations in mind, we think these 
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experimeents siow fairlj conclaaively that variations in the rate of 
urinary flow determined by changes in blood-pressure are accompanied 



Kg. 1. A. Urine flow in c.c. per 15 mins. B. Blood sugar %. O. Urine sngar %. The 
figures on tfle tcrine sugar curve represent the absolute amounts of sugar (in rngms.) 
secreted in the 15 mins. At the point indicated by the arrow 2 gms. glucose were 
added to the blood. 

by a change in the same sense in the absolute amount of sugar secreted. 
The change in concentration of sugar in the urine is always towards that 
of the blood when the rate of urine is increased and vice versa, T.Vhen 
the blo'od sugar is below the threshold value a pressure diuresis causes 
the appearance of sugar in the urine, and when above the 1;hreshold 
value a fall in the already existing concentration. The threshold for sugar 
is seen to be about 0’26 p.c. (See Fig. I.) 

, Second series of experiments. Here we have investigated firstly the 
re\ation between the amount of sugar disappearing from the blood and 
that appearing in the urine in a given interval of time after the addition 
of j^orhizdn, and secondly the efiect of changes in blood-pressure on the 
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percentage and absolute amounts of sugar eliminated under these con- 
ditions. 

For our first purpose we must know (a) the volume of blood circulating 
over the given period of time and (6) the fall in the percentage of blood 
sugar over and above that due to glycolysis and to the metabolic require- 
ments of the heart, lungs, kidney and blood. The volume of blood at any 
given time cannot be determined exactly but can be computed from 
estimations of that remaining in the heart, lungs and cannulas at the 
end of the experiment. These were washed through with normal saline 
and the volume of blood present calculated by comparing the hiemo- 
globin content of the diluted sample with that of a specimen of whole 
blood taken at the end of the experiment. On one occasion we arrived 
at the figure 60 c.c., on another 70 c.c. The volume of the remainder of 
the apparatus was determined, and so a constant was arrived at which, 
added to the amount of blood in the venous reservoir (graduated) gave 
the total volume of blood circulating at any given time. Figures so 
obtained are not accurate but it seems unlikely that a greater error than 
± SO 0 . 0 . is involved. 

The fall in blood volume is very gradual till towards the end of an 
experiment, when owing to the onset of pulmonary cedema the fall 
becomes very rapid. Our observations have all been made before the 
onset of this condition. 

The next difficulty arises when we consider that there is normally a 
marked and continuous fall in the blood sugar in this preparation. This 
fail must be due to the sum of various factors, namely, glycolysis and the 
sugar consumption of the heart, lungs, kidney and blood. We therefore 
made control blood sugar estimations in this preparation and plotted 
the percentages of sugar found against time. The variations in the rate 
of fall were not nearly as great as we had anticipated and it was possible 



"Ra^e Fall of Rlood Su^O'f I 17 

Four CotyWol Luy^- K»e<. 7 e^ Ex{»Vs. 
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to construct a curve wliicli defined fairly accurately tlie rate of fall in 
these control curves (Fig. 2). We can only conclude from this that 
differences in the sugar consumption of the tissues in this preparatio,n 
under varying degrees of work and in the acapnic state are small com- 
pared to the amount of sugar which disappears as the result of some 
fermentative change. 

The addition of phlorhizin caused a very well-marked change in the 
slope of this normal curve, as is shown in Figs. 3 and 4. The shaded 



Kga. 3 and 4. Rate of fall of blood sugar. A. Control rate. jB=rate under phlorhizin. 
Phlorhizin added at the arrow, 5 c.c. in Fig. 3, 10 c.c in Fig. 4. The shaded area 
represents the “extra” sugar disappearing from the blood. 


area between the two curves is to be taken as representing the extra 
sugar which disappeared from the blood over this period of time as the 
result of the addition of phlorhizin. In Fig. 3 the extra sugar disappearing 
in the 45-minute period is 350 mgms., and the amount of sugar actually 
collected in the urine over this period of time 328 mgms. In the experi- 
ment from which Fig. 4 is taken these amounts were 350 and 375 mgms. 
respectively, over a period of 39 minutes. At the end of this period 
250 c.c. normal saline were added and the percentage of sugar in the 
urine fell to a lower figure than could be estimated. It was thus im- 
possible to take a further period and make a corresponding comparison 
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between the extra sugar disappearing from the blood and that appeanng 
in the urine. Wo think, however, that the experiments do show that 
phlorhizin causes an appearance of sugar in the urine in amounts which 
bear a rough quantitative relation to the decrement in blood sugar over 
and above that disappearing normally over the same interval of time. 
The addition of phlorhizin caused no increase in the blood flow through 
the kidney, a fact which confirms the experience of other investigators 
(11, IT, 18). 

The next diagram (Fig. 5) is of an expenment m which the percentage 
and absolute amounts of sugar secreted are compared at different rates 
of urinary secretion brought about by vanations in blood-pressure. 



Fig 6 The efifect of vanations in blood pressure on the excretion of sugar after phlorhizin. 
^=urme flow m c c. per 15 minutes B=blood sugar %, C=urme sugar %. The 
figures on the unne sugar curve represent the absolute amounts of sugar (in mgms,) 
secreted m the 15 mins a 1 gm, glucose added, 6 10 c c 0 5 % phlorhi 2 m; c 250 cc. 
normal salme; d, 100 c c. normal saline; c, 10 c c 0 6 % phlorizin 

The results are plotted against time. The figures on the urine sugar 
curve represent the absolute amounte of sugar secreted in mgms. per 15 
minutes. It will be seen that an increased rate of urinary flow is accom- 
panied by a fall in concentration of sugar in the urine and by an increase 
in the absolute^ amount and vice versa. It will be seen further that the 

2S— 2 
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esxjeriment continued successfully for a period of half an hour after the 
blood sugar had fallen to zero. The urinary sugar percentage fell to a 
mere trace about the same time and although this trace did not disappear 
a further addition of phlorhizin completely failed to cause any increase 
in it, the blood sugar being already at zero. A further experiment gave 
results similar to those obtained in Fig. 5 and so its record is omitted. 


Conclusions. 

1. The isolated mammalian kidney shows a threshold level for 
glucose. This level in the dog is about 0*25 p.c. 

2. The threshold can be lowered by an increase in the rate of urinary 
flow elicited by a rise in blood-pressure. 

3. When the blood contains more than the threshold amount of 
sugar, changes in the rate of urinary flow brought about by changes in 
blood-pressure, are accompanied by inverse variations in the percentage 
amount and direct variations in the absolute amount of sugar secreted. 

4. The amount of sugar appearing in the urine after the addition of 
phlorhizin to the circulating blood can be completely accounted for by the 
fall in blood sugar over the same period of time, 

'5. Changes in blood-pressure affect the percentage and absolute 
output of sugar in the heart-lung-kidney after the addition of phlorhizm 
in exactly the same way -as when the percentage of sugar in the blood is 
artificially raised above the threshold. 


We are much indebted to Prof. Starling for his help and advice 
throughout this investigation. 

The expenses of this research were defrayed W grants to us from the Bookefeller 
Foundation {to S. de B.) and from the Government Grant Committee of the Boyal Society 
(to E. B. V.). 
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THE HEAT PRODUCTION OF MUSCLES TREATED 
WITH CAFFEIN OR SUBJECTED TO PROLONGED 
DISCONTINUOUS STIMULATION. B\ W H-VRTRELi 
AND A V HILL 

(From the Physiological LahoratoneSy Cambridge, 
and VntVGTSity College, London ) 

The direct action of cafFein — wluch, in some wavs, is not unlike that of 
veratrm — on cross atnated muscles has long been lvno^\ n An account 
of the previous work on the subject is gi\en in Heffter’s Handhuch (i 
Under the influence of caffein in low concentration there is said to be .in 
increase in the isotonic contraction, but tlie muscle® arc inoie oisily 
fatigued, at higher concentrations, ho^e\er, c ^ of 1 2000 oi moic, 

destructive changes are seen under the microscope to take phee insido 
the fibres of a frog’s muscle, and the muscle itself graduallv shortens 
and finally becomes rigid and mexcitable, all the phenonien i being 
similar to those occurring in the case of rigor produced bv heat, distilled 
water or chlorofoim It is natural to associate the contracture and ngor 
with the gradual formation of lactic acid, and Ransom(i) m 101 1 found 
that lactic acid is indeed hberated m large quantities m muscle suspended 
m Ringer’s solution contaimng caffein Me} erhof(3) recenth m\e®ti- 
gated more fully the action of cafiein in incieasing (a) the oxigen con* 
sumption and (6) the lactic acid formation in cut up frog’s muscle when 
in oxygen, the ox}gen consumption is increased up to 100 p c and 
Meyerhof states that other contracture producing substances do not 
raise the oxygen consumption In resting intact muscles caffein produces 
large amounts of lactic acid and at the same time raises the extent of the 
oxidation, the effect, however, of caffein on oxidation is not consequent 
simply on the increase in the lactic acid formation, since a greater forma- 
tion of lactic acid, produced by stimulation, raises the oxjgen consump 
tion less 

Riesser and Neuachloss (4), working on the amount of lactacidogen 
present m muscles treated with caffein, found that the muscular con- 
tracture which occurs spontaneously after stronger doses, but only m 
conjunction with electrical stimulation after weaker ones, is associated 
1 Working for the Medical Resenrch Council 
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experiment continued successfully for a period of half an hour after the 
blood sugar had fallen to zero. The urinary sugar percentage fell to a 
mere trace about the same time and although this trace did not disappear 
a further addition of phlorhizin completely failed to cause any increase 
in it. the blood sugar being already at zero. A further experiment gave 
results similar to those obtained in Fig. 5 and so its record is omitted. 


Conclusions. 

1. The isolated mammalian kidney shows a threshold level for 
glucose. This level in the dog is about 0*25 p.c. 

2. The threshold can be lowered by an increase in the rate of urinary 
flow elicited by a rise in blood-pressure. 

3. AVhen the blood contains more than the threshold amoimt of 
sugar, changes in the rate of urinary flow brought about by changes in 
blood-pressure, are accompanied by inverse variations in the percentage 
amount and direct variations in the absolute amount of sugar secreted. 

4. The amount of sugar appearing in the urine after the addition of 
phlorhizin to the circulating blood can be completely accounted for by the 
fall in blood sugar over the same period of time. 

'5. Changes in blood-pressure affect the percentage and absolute 
output of sugar in the heart-lung-lddney after the addition of phlorhizin 
in exactly the same way -as when the percentage of sugar in the blood is 
artificially raised above the threshold. 


We are much indebted to Prof. Starling for his help and advice 
throughout this investigation. 

The expenses of this research were defrayed by grants to ns from the Kookefeller 
Foundation {to S. de B.) and from the Government Grant Committee of the Royal Society 
(to E. B. V.). 
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this latter heat as a false base, from which the recovery heat deflection 
(if any) after a stimulus can be measured; for it is found that in two or 
three minutes after a stimulus the actual deflection wiU be below the 
false base. This, of course, does not necessarily mean that the muscle 
is absorbing heat; it is much more probable that the spontaneous heat- 
production due to the caffein has, at least temporarily, been diminished 
as one result of the stimulus. 

General description of experiments and results. The only muscle used 
was the sartorius of Rana temp, mounted on a thermopile in the usual 
way, with a thread from the ends attached to a tension lever (approxi- 
mately isometric). The temperature was always between 16° and 16° C. 
A “stimulus” always means a tetanus of Jsec. The sensitivity of the 
galvanometer was so arranged that, with a normal muscle, a stimulus 
produced a maximum deflection of about 300 mm. (on a scale about 
2| metres from the galvanometer) ; provision was made to observe up to 
600 mm., since the deflection due to the prolonged heat production after 
giving caffein is often quite large, and it was sometimes required to give 
a stimulus when the muscle was already showing this effect of caffein. 
For this sensitivity it was usual to have from 100 to 160 ohms in series 
with the galvanometer (galvanometer and thermopile together from 
20 to 30 ohms), so that the zero settled down comparatively quickly. 

After the maximal stimulus had been determined, and one or two 
preliminary normal curves of galvanometer deflection had been taken, 
the caffein solution (in Einger*) was gjven for about five minutes, as shown 
in detail below. Care was taken to put the caffein solution into the chamber 
at a temperature which was as nearly ns possible equal to that of the 
water in the vacuum flask surrounding the chamber, in which case 
reliable readings could usually be taken in less than 20 minutes. In 
many cases the effect of the caffein was not observable till much later 
than this. If, however, the caffein be given too strong (more than about 
•07 p.c.) the galvanometer spot will be observed going in the “heating” 
direction before the temperature in the chamber has sufficiently settled, 
in which case the first readings will be quite unrehable; if, on the other 
hand, the caffein be given too weak (less than about -05 p.c.) it may be 
some hours before the effect of the caffein is observable. 

In a few cases {A and G in the experiments quoted) there was no 
sign of spontaneous contraction (the galvanometer curves in these cases 
were remarkably smooth); the effect, however, of the caffein on the 

» -65 % NaCl, -02 % KQ, -025 % CaC1„ -015 % NaHCO,, in distilled water; pH 
about 6*9. 
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heat-production was very obvious. In these cases, about three hours after 
the effect of the caffein has definitely started, as well as (in other cases) 
about half-an-hour after a spontaneous contraction has commenced, 
a further stimulus gives no observable tension and no appreciable rise 
in the rate of heat-production; although the latter may be quite con- 
siderable and (at least when the muscle is in oxygen) may continue for 
some hours. The tension also, after a spontaneous contraction, falls 
off only very slowly, and had never disappeared even after observations 
lasting six hours or more. It may be remarked that, in nearly every case 
(including others not shown here) the spontaneous contraction arises, 
if at all, 30 to 60 minutes after the rate of heat-production due to the 
caffein has reached its maximum. 

At the end of a few of the experiments the muscle was thoroughly 
washed in Einger’s solution: this, however, never brought about any 
sign of revival. Further, when the muscle was subsequently heated with 
a comparatively strong current, as in taking a “control” curve, the 
resulting curve of galvanometer deflection was found to be identical 
with that taken in a similar manner after chlor-oform had been put into 
the chamber. 

In these experiments the maximum heat-rate due to the effect of 
caffein (apart from that due to spontaneous contraction) lay, when the 
muscle was in nitrogen, between 2 x 10“^ and 4 x 10“^ cal. per gram per 
sec^, when in oxygen between 10 x 10“* and 12 x 10~^ cal. per gram per sec. 

Effect of caffein on the initial heat and tension consequent on a stimulus. 
With the strength of caffein generally employed (about *06 p.c.), which 
does not usually cause a spontaneous contraction, the first stimtilus, 
after caffein had been given and removed from the chamber, always 
gave rise to a larger heat production than the normal. The actual results 
seem to depend on whether the muscle is in nitrogen^ or in oxygen. In 
six different experiments in nitrogen the initial heat for the first stimulus 
after caffein was between 10 p.c. and 12 p.c. greater than before, whereas 
the maximum tension was in no case greater than before and in some 
cases was nearly 5 p.c. less. In four different experiments in oxygen the 
results were not so uniform as in nitrogen, but the effect was greater in 
every case. In (1) the tension was about 10 p.c. less and the heat about 
19 p.c. more: in (2) the tension was the same and the heat about 22 p.c. 

The nitrogen used was not specially purified; it was taken from a cylinder and passed 
in Bmall bubbles through a bottle of alkaline pyrogallol, but probably had at least 1 % o 
oxygen in it; recently boiled Ringer’s solution was always used in the experiments in 
"hitrogen. 
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more: in (3) and (4) the tension was a little more and the heat about 
29 p.c. more. 

In every case subsequent stimuli diminished both the tension and 
the heat, their ratio remaining nearly constant in some cases for a long 
time. It appears, therefore, that for the same maximum tension, the 
heat production after cafiein, when the muscle is in nitrogen, is about 
15 p.c. greater than before cafiein, while, when the muscle is in oxygen, 
it is about 25 p.c. greater. This fact is clearly to be correlated with the 
marked diminution in the speed of relaxation of muscles stimulated 
after eafiein. The prolonged relaxation is presumably associated with 
a prolonged initial breakdown process, analogous to, but smaller than, 
that occurring after veratrin. Some of the energy is spent in maintaining 
the contraction, not aU of it in developing the eontraction; consequently 
the ratio of heat to maximum tension is increased. 

The prolonged heat-produclion. The prolonged production of heat 
occurring either spontaneously or after a stimulus, is shown in Figs. 1 
and 2. These diagrams are not strictly the true curves of heat production, 
but the observed curves of galvanometer deflection. It would be possible, 
but extremely laborious, to analyse them as explained elsewhere (5) by 
means of a “ control ” curve, obtained by heating the muscle when dead, 
and thus to find the true curves of heat production; this, however, is 
unnecessary, since the curyes shown give a very fair description of the 
actual heat production, and this description is the more correct the more 
nearly horizontal the curves are. When, however, the curves are rising 
or falling very fast, it must be remembered that the galvanometer 
deflection “lags” behind the heat production. In these experiments, the 
thermopiles and muscles were such that the “control” curve would fall 
from its maximum practically to zero in four to five minutes, a very large 
part of that fall occurring in the first two minutes; thus the observed 
galvanometer deflection, at any instant during an experiment, is due 
to all the heat which has been produced in the preceding five minutes, 
but nearly entirely to that part of it which has been produced in the 
preceding one or two minutes. It is only when the heat rate is altering 
very rapidly that the galvanometer curves shown here do not represent it 
almost exactly. The effect of a stimulus is to make a tall sharp peak in 
the curve, ^falling to about 5 p.c. of its height in five minutes, the corre- 
sponding recovery heat slowing down the return as compared with the 
“control” curve. These peaks have not been shown in the diagrams. 

Although the ordinate of the curve at any instant does not, strictly 
speaking, represent the heat rate at that instant, the whole area of the 
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after the oaSein was given; the heat rate had then not fallen to half its maximum. Heat 
scale : I mm. x 1 min. = 1-4 x 10"^ caL per gram. Total heat can hardly be estimated in this 
case. No sign of spontaneous or permanent contraction. 

Several conclusions may be drawn from these experiments: 

(1) The spontaneous contraction, whether in oxygen or in nitrogen, 
appears always to be followed by, if not to cause, a rise in the rate of 
heat production. 

(2) As Gasser and Hartree have shown (6), a stimulus, if it fails 
to produce heat, fails also to produce tension, and mce versa. 

(3) The spontaneous heat production continues to occur (s, curves 
D and F), to a small degree, in nitrogen, after the muscle has. become 
inexcitable: this is presumably to be attributed to continuing lactic acid 
production. 

(4) The spontaneous heat production may continue to occur 
{s, curve A) to a considerable degree, in oxygen, after the muscle has 
become inexcitable: this is presumably to be attributed largely to con- 
tinued oxidation, possible after the muscle has become inexcitable. 

(5) The total spontaneous heat production in nitrogen is about 
SJoal. per gram of muscle. AcceptingMey erhof ’s (7) value of 370 cal, per 
gram of lactic acid, this implies a formation of about *9 p.c. of lactic acid 
in the muscles. This value, possible according to Meyerhof (3, p.i44, etc.) 
for cut up muscles in an alkaline phosphate medium, is high for an intact 
muscle in gas. The sartorius, however, as used, is very pure muscle 
substance, and might be expected to give higher values than the mixed 
muscles chopped off a frog’s leg. It is possible, moreover, that traces of 
oxygen remaining in the nitrogen used may have allowed a small degree 
of oxidation. There woidd seem, in any case, to be no good reason for 
attributing the anaerobic spontaneous heat to anything other than the 
formation of lactic acid. 

(6) The total spontaneous heat-production in oxygen is about 
15 cal. per gram, several times greater than in nitrogen. There can be 
no question here that the main part of the heat is due to oxidative 
processes, as is shown by Meyerhof’s (3) observation of a considerable 
oxygen consumption in muscles treated with cafiein. Assuming an 
anaerobic heat production, the same as in section (5) above — due to the 
formation of lactic acid to the same maximum concentration this 
leaves 11’5 cals, as due to oxidative processes. Employing Slater 8(P) 
value (3874 cal.) as the heat of combustion of 1 gram of dissolved 
glycogen (CgHigOsln, this implies the oxidation of about O-Sp.c. o 
gl^ogen in the muscle. This is a perfectly possible value. It is striking 
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that the oxidative processes ate so active in the muscle treated with 
caffein, 

(7) The general type of the curves (Fig. 1) in oxygen is the same as 
that of the curves (Fig. 2) in nitrogen, in spite of the fact that four-fifths 
of the heat in the former case is due to a process (oxidation) which 
cannot occur in the latter. It is obvious therefore that the oxidation 
in question is excited by, and is dependent upon, the anaerobic changes: 
the oxidation is not a spontaneous affair, it is a necessary consequence 
of the spontaneous activity induced by caffein: it is in that sense a 
recovery process. Oxidation, as usual, is consequent on, but does not 
determine activity. 

(8) The spontaneously developing contracture is presumably due 
to the increasing concentration of lactic acid. 

The heat production during prolonged discontinuous stimulation of 
isolated muscle. The preceding experiments on the prolonged heat 
production due to the effect of caffein suggested that a similar method 
might be employed to find the total heat produced by a muscle subjected 
to stimuli at short intervals and continued as long as the muscle is 
capable of producing tension. The comparison of the results of such 
stimulation with those of caffein might throw further light on the action 
of the latter. 

The stimuli were given at regular intervals, and records made of the 
maximum and minimum readings of the galvanometer. Seeing that the 
total heat is represented by the total area of the curve of galvanometer 
deflection, it is necessary to know how the spot moves in the interval 
between one minimum reading and the next. For this purpose, if the 
intervals be half minutes, as was the case in both the examples shown in 
Fig. 3, readings are taken every five seconds during several intervals, and 
a curve is formed as shown in the small diagram inserted in Fig. 3. In this 
case (and for shorter intervals), the curve is so nearly a triangle that 
its "mean height” (to give the same area on the same base) is very 
nearly half way between the minimum and the maximum; for longer 
intervals, however, the "mean height” will come much nearer the mini- 
mum than the maximum. The broken lines in Fig. 3 are drawn at these 
calculated "mean heights,” and the areas of the corresponding curves 
give the total heat on a scale determined by giving the muscle a known 
amount of heat, when dead, and measuring the total area of the control 
curve caused by that heat. 

After a few (six or eight) stimub, the maximum and minimum readings 
become nearly steady and diminish gradually as time proceeds. The 
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maximum divergence from a smootli curve was not usually more than 
twice the thickness of the line in the diagram. 



Fig. 3. Heat production (galvanometer deflection) in muscle excited discontmuously to 
complete fatigue by a long succession of short tetanic stimuli every half minute. 
Exp, 1, Table HI, in oxygen; Exp. 4, Table III in nitrogen. The scale of time is twice 
as great in the ru'trogen experiment. Each Btimnlus causes a deflection of the type 
shown in the small diagram inset; in each experiment the upper curve (“max.") is 
drawn through the tops of the successive deflections, the lower curve (“min.”) through 
their bottoms, the middle curve (“mean”) approximately half way between the other 
two. 

These curves represent the sum of (a) the initial heat and (b) the 
delayed heat, arising from the stimuli, and these heats cannot be separated 
by this method; moreover, the rise due to a stimulus between minimum 
and maximum is not proportional to the initial heat, since this rise 
depends very much on the rate at which the spot is moving backwards 
at the time the stimulus is given, which is very different at different 
points along the curve. The results of five experiments are given below. 

' Table IIJ. 

(a) Muscle in oxygen, 

Exp, 1. In Oj at 14'5° C. Upper three curves. Fig. 3. Seat scale: 1 mm. xl min. 
=2-2 xlO~*caL per gram. Total heat about 15 caL per gram. Tetanus J-seo., gfven 
every i min. for 220 mins., by which time the tension and initial heat on stimulus had 
become very small, though the heat production was still quite large and continued for some 
time longer. At the point marked A the maximum tension due to a stimulus fell rather 
sharply owing to some unh.:own cause. 
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Exp. 2. In Oj at IC-O* C. Tetanus ^ sec. given every min. for 3 hours, then every 
i min. for 2 hours; still considerable tension on atitnulua at end. Total heat about 18 cal. 
per gram, including an allowance for the further heat after the end of the observations, 

Exp. 3. In 0, at 12'6* C. Tetanus J sec. given every J min. for about 3 hours. “Jfcan 
height” curve falls faster than before, and little tension on stimulus at end. Total heat 
about 8 caL per gram. 

(h) Muscle in nilrogen. 

Exp. 4. In Hi at IS'D® C. Tetanus ^ sec. given every J min. for about 2 hours: lower 
curves. Fig. 3. Heat scale: 1 mm. xl nun.=s2-2xip'^caL per gram. Total heat about 
2i cat per gram, 

Exp. 5. In H* at 13'6" C. Tetanus I sec. given every min. for about 3 hours. Con- 
siderable tension left at end and zero doubtful. Total heat roughly 3J caL per gram. 

From these experiments we may conclude that : 

(1) As was to be expected, the total heat production, to complete 
exhaustion, is very much greater in oxygen than in nitrogen : and the 
falling ofi of the heat production, due to oncoming fatigue, much less 
rapid in oxygen.. 

(2) The total heat in oxygen may be as high as 15 to 18 cal, per 
gram, i.e. of exactly the same order of size as the spontaneous heat in 
oxygen, after treatment with caffein. With too frequent stimulation 
{e.g. Exp. 3), leading to early exhaustion, or under unfavourable circum- 
stanoes, it may be much less. 

(3) The total heat in nitrogen is about 3 cal. per gram, i.e. of exactly 
the same order of size as the spontaneous heat in nitrogen after treatment 
with caffein. 

(4) Therefore, that the action of caffein on muscle is merely 
to release the chemical processes normally induced by 
stimulation. 

In an earlier paper A. V. HiU(») made an indirect estimate of the 
total heat production of muscles kept in oxygen, air, or Einger’s solu- 
tion : the principle adopted was to measure the total tension set up in a 
long series of twitches, due to stimuli every 2 or 10 secs., and then, knowing 
approximately the ratio of tension to heat production in a normal 
muscle, to calculate the heat. The method was admittedly rough, but 
should give the right order of quantities. In oxygen the results were 
variable, ranging from 5-6 to 47-0 cal. per gram, with a mean value 
of about 17 cal. : naturally not much reliance can be placed ok this mean, 
but it is of the same order of size as we have found above. In air two 
values were 1-4 and T6 cal., somewhat less than we have found here in 
.nitrogen. There is little recovery in muscles stimulated so frequently in 
air. In oxygenated Kinger’s solution the results were very consistent. 
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having a mean value of 33 cal. Muscles unquestionably live longer and 
function more consistently in oxygenated Einger’s solution than in 
oxygen, especially when on a thermopile in oxygen, and there is no 
difidculty in supposing the muscle to possess enough oxidisable material 
(0'8 p.c. carbohydrate or lactic acid) to yield about 33 cal. per gram on 
oxidation. Under the conditions, however, of our present experiments 
it does not seem possible to attain such high values, at any rate with 
autumn frogs. 

Technical Details. 

Since the method employed in these experiments is novel, it is desirable to include a 
short critical discussion of its application. It cannot be used indiscriminately. Its accuracy 
evidently depends very largely on the steadiness of the galvanometer zero. In this dis- 
cussion it is necessary to distinguish between the position of the spot on the scale when the 
thermopile is cut out, which may be called the “absolute” zero, and the position of the 
spot when the thermopile is in circuit with the galvanometer, and there has been no stimulus 
given for a considerable time, which may, for shortness, be called the “thermopile” zero. 
When the galvanometer has a magnetic control the “absolute” zero will, of course, be 
aSected by any magnetic disturbances, but with sufficiently good shielding the effects of 
these can be reduced to very small amounts, apart from exceptional circumstances. In 
any case, the “absolute” zero can be frequently observed during a long series of readings, 
by simply breaking the galvanometer circuit; in this way the actual readings may be 
corrected for any displacement observed. In the above experiments all the readings were 
taken from the “absolute” zero, and there is no possibility of error arising from its motion. 

The “thermopile” zero is much more troublesome to deal with; its motion may be 
practically impossible to detect, and this may give rise to errors. The first consideration 
is that of uniformity of temperature within the chamber. To secure this it is necessary 
not only to wait for at least 1| hours after the muscle chamber has been put into the vacuum 
flask, but the temperatmre also of the water in the flask must be kept as nearly constant 
as possible. For this reason the experiments have been tried only at, or a little above, room 
temperature, constancy of temperature being obtained approximately by the use of heating 
coils in the flask. 

A more subtle error of this kind may arise as follows. In practically every case in 
which a muscle is in good condition and has been at rest for a long time, the “thermopile” 
zero is displaced from the “absolute” zero in the “cooling” direction by an amoimt which 
is often by no means negligible. Further, it seems to be practically an invariable rule that 
if the “thermopile” zero be moving in the “heating” direction at a time which is suffi- 
ciently long after a stimulus for the recovery heat effect to be negligible, then the muscle 
is either dying or, at least, in very uncongenial surroundings. Even if the “thermopile” 
zero be fairly steady after setting up the muscle and waiting sufficiently long, and one or 
two stimuli be given, then in half an hour or so, after the effect of the recovery heat has 
become negligible, this zero will usually be found displaced in the “cooling” direction. 
No satisfactory explanation of these displacements of zero is yet available: the matter is 
being further investigated. 

Some agency is clearly keeping the muscle sUghtly cooler than its surroundings. If 
this be the case it is obvious that, in the course of a long-continued heat production, an 
error may arise which cannot easily be detected, although such an error would be obvious 
at the end of a record after a single stimulus (such as is used to determine the reeoveiy heat} 
since the “thermopile” zero is then under close observation. 
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In all the experiments referred to above, the total heat jiroduction, xlthou^h spread 
out over a long time, takes place at a comparatively high late, hence a large resistance 
must bo u«cd m senes vnth the galvanometer, aliich dinimishcs the effect of tlicso errois 
The end part, howtv or, of each rccortl is always more doubtful especially as it is impo «^ible 
to continue the readings until tlie heat production is entirely over If the litter could be 
done, an estimate could be made at least of the final error of the tlurmopilc zero, and 
some allowance could bo made for it it is, the litst that can be <?one (and it ;s a very 
useful check) IS to make the fairly reasonable assumption that, after a sufficiently long lime, 
(he real heat rate is asymptotically approachmg the value zero this is justified by the fact 
that no case has been observed in which the spot, towards the end of an evjxjnincnt, did 
not move at n diminishing rate, and it can hardly he cuppoced that a tinal /<tto /y st itc could 
be reached m which the real heat rate is anything very different from zti-o Thus if, as 
homctimts happened, tho final readings (from alisolute’ zero) were negative and getting 
more negative but at a decreasing rate the turv e tending towards a fairlv obv lous a^v mptote, 
then this assumption was taken to provide a truer base for the real heat rate than the 
horizontal line of absolute” zero reading, the difference being presumably due to thermo 
pile' zero error This error, if appreciable at the start of the evpcnmcnt, can easily bp 
observed by noting tho reading at least half an hour after a stimulus (if the temperature 
be not less than lo® C at lower temperatures the recovery heat will still be apparent at 
that time), this gives the start, and the above asymptote gives the end, of a base line from 
which the real heat rate should be read, when corrected as far as possible for thermo 
pile ’ zero error 

Jf the use of such corrections bo to add 10 % or more to the heat (uncorrected) up to 
anv point, the expenment must be classed as doubtful, since this limit was exceeded m 
only one* out of six experiments on reiieated stimuli, and in none out of eight on the effect 
of caffein it appears to be possible, with sufficient care, to obtain fairly reliable results m 
experiment^ of this nature 


Summary 

1 In frog’s muscle treated for a few minutes Mjth caffein (atout 
•05 pc) there is a prolonged spontaneous liberation of heat, lasting till 
after the muscle has become completely ine\citable In nitrogen this 
amounts altogether to about 3 cal per gram of muscle, in oxygen to 
about 15 ca] 

2 In frog’s muscle stimulated with a short tetanus every half minute, 
till completely ine\citable, there is a total production of heat m nitrogen 
of about 3 cal per gram, in oxygen of about 16 cal The heat pioduction 
18 maintained much longer in oxygen than in nitrogen The agreement 
of these values, obtained by a similar techmque, with those resulting 
from treatment with caffein suggests that the action of caffein on 
muscle IS merely to release, slowly and continuously, the 
chemical processes, anaerohic-or oxidative,normally induced, 
suddenly and discontinuously, by stimulation 

3 The time course of the prolonged evolution of heat after caffein 

* The results of this experiment have not been included above 
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is the same, in general type, whether the muscle be in oxygen or in 
nitrogen, although it is of five times the magnitude in oxygen. This 
shows that, as is usual in muscle, the oxidative processes follow, and are 
consequent upon, the primary breakdown processes induced by activity. 

4. In these experiments caffein appears, judging from the heat 
production, to liberate about 0*9 p.c. of lactic acid in the anaerobic 
muscle, and in oxygen, in addition, to cause the oxidation of about 
0-3 p.c. of lactic acid or glycogen'. 

The expenses of the research have been borne in part by a grant from the Royal, 
Society. 
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THE LACTIC ACID IN THE BLOOD OF A 
RESTING MAN. By C. N. H. LONG*, M.Sc. 

(From the Department of Physiology, University College, London.) 

A STUDY of the work done on the lactic acid content of the blood of a 
resting man shows that there is some difference of opinion as to whether 
this acid is really present under true resting conditions. A number of 
observers employing several different methods have investigated the 
question. Berlinblau(i) estimated the acid as zinc salt and says 
it is a constant constituent of human blood. He gives the figure 8 mgrs. 
per 100 o.c. as the usual amount found. Salomon^) using the same 
method states that lactic acid is absent during life but rapidly appears 
in the blood after death. Most of his determinations were made on 
hospital patients. Jerusalem <3) estimated the acid by oxidation with 
dilute permanganate solution, after the acid had been extracted with 
ether; the aldehyde formed was caught in bisulphite solution and 
estimated. Although he used large amounts of blood he could detect 
no lactic acid. This is remarkable as all other observers who have used 
an oxidative method have obtained positive results. Fries(4) using 
the same method as Jerusalem but chiefly on the blood of hospital 
patients found values varying from 9-63 mgrs. per 100 c.c. Ryffel(5) 
estimated the acid colorimetrically, by o.xidation with strong sulphuric 
acid and the use of Schiff’s reagent. His values were about 15 mgrs. 
per 100 c.c. Barcroft(6) using Ryffel’s method found values in healthy 
young men of 12-19 mgrs. per 100 c.c. Clausen(7> greatly improved 
the technique of the permanganate method and states the usual amount 
in man is 15-32 mgrs. per 100 c.c. Barr, Himwich and Green(8) using 
Clausen’s method found values of 14-25 mgrs. My own values using the 
same method show a value ranging from 10-20 mgrs. per 100 c.c. 

At this point the criticism of ClauaenfT) on the estimation of lactic 
acid in blood by oxidative methods should be noted. He says: “ It must 
be emphasised that biological fluids probably contain substances other 
than lactic acid which are extracted by ether and which yield bisulphite 
binding compounds on oxidation.” 

The bulk of the above evidence is in favour of lactic acid being a 
^ Working for the Industrial Fatigue Board, Medical Kesearch Council. 

29—2 



456 


C. N. H. LONG. 


normal constituent of human blood, even under resting conditions, but 
in addition to Clausen’s statements as to the possibihty of oti^r sub- 
stances giving rise to aldehydes and also forming similar zinc compounds 
we have to consider the work of Lovatti Evans(9) on the formation 
of lactic acid in drawn blood by glycolysis. This glycolysis is easily 
prevented by the addition of small amounts of sodium fluoride, but 
none of the above workers except Barr, etc. (8), used this precaution 
and it is very likely that some at any rate of the lactic acid present may 
have had its origin from the blood sugar after the withdrawal of the blood 
sample. 

Again some workers used the blood of hospital patients for their 
determinations. The lactic acid found under these conditions may have 
appeared as the result of some pathological changes in the subject and 
indeed the high values obtained by Pries (4) seem to suggest this. 

Lastly, in all the foregoing investigations no special precautions were 
taken to see that the subject was in a true resting condition when the 
blood was withdrawn, since, in most cases, the results were comparative 
ones only. The movements of everyday life would probably account for 
the appearance of a certain amount in the blood. The possibility of this 
is emphasised by the work of Hartree and Hill(io) on the recovery 
heat production. They found that the recovery process in the isolated 
muscle appears to go on at a rate rouglily proportional to the square 
of the concentration of the bodies produced during the preceding activity. 
Thus when the concentration of lactic acid produced by the stimulus 
is small the recovery process will be very slow. Now all muscular 
exertion hberates some lactic acid in the muscles, from which it tends 
to diffuse into the blood; its final or oxidative removal probably occurs 
mainly or entirely after its diffusion back again into the muscle. When 
the concentration of lactic acid in the muscles and blood is low the 
speed of the recovery process tending to remove it — being proportional 
to its square — will be extremely small, and the last phase of complete 
recovery will take a very long time. It is necessary therefore, in such 
experiments, that the subject should have been completely at rest for 
a long period before the sample of blood is taken. 

Use of the thiophene test. Since the permanganate method estimates 
other substances as lactic acid besides the acid itself it was necessary 
to make use of a more specific test for lactic acid. The one used was that 
devised by Fletcher and Hopkins(ii). These authors say that this 
test will detect 1 mgr. of lactic acid, but I have found that about ^ mgr- 
of the acid can be detected in the form of its zinc or lithium salt. 
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The blood samples were taken from healthy young men ^vho had 
had no strenuous exertion for some hours previously and who had lam 
down at least 4 hour before the blood was withdrawn The blood 
(venous) was fluonded and oxalated as soon as drawn 10 c o of the 
sample were taken and proteins removed by the method of Folin 
and W u(i 2 ) Glucose was then removed from the filtrate by the method 
of Van Slyke(iS) The solutions were then slowly evaporated to dryness, 
on the water bath and the residue extracted ivith hot absolute alcohol 
The excess of alcohol was removed and the test performed on the residue 
Blood, how’ever, contains substances other than lactic acid which 
are extractable by alcohol and which might yield a positive thiophene 
test tn order to see if this was occurring the test was performed on the 
following substances which are usually present in normal blood, \iz 
urea, uric acid, cholestrol, amino acids, glucose, creatine aceto acetic 
acid, and acetone, etc None of these substances either in the solid 
state or in the alcohol gave a positive reaction It appears then that 
in the case of blood, at least, a positive thiophene test points to the 
presence of lactic acid itself 

Expenments have been carried out in this manner on four different 
subjects and lactic acid appears to be a constant constituent of the blood 
even under resting conditions In several of the experiments an attempt 
was made roughly to estimate the amount of lactic acid indicated by 
the thiophene test and to Compare the value obtained with that given 
by Clausen’s method To do this the thiophene test was performed on 
known amounts of lactic acid (as zinc lactate) at the same time as it 
was earned out on the blood filtrate The colour obtained in the latter 
was then quickly matched against the standards and a rough estimate 
of the amount of lactic acid present was made 

The figures found seem to indicate that one-half to three quarters of 
the values given by Clausen’s method are due to the lactic acid itself, 
the remainder being due presumably to other hydroxy acids 
Table I 

Lactic acid content of 

blood Afgrs per Thiophene test (Quantitative) 

Subject 100 cc (Clausen) (Qualitative) Mgra per 100 c c 

H L 17 5 Positive 12-15 

ASP 356 Positive — 

S S 21 4 Positive lO-lo 

CNHL 17 5 Positive lO-H 

C N H L 27 5 Positive 6 S 

Effect of oxygen and carbon dioxide on the resting lactic acid If lact'c 
acid be indeed a normal constituent of resting blood, as these thiophene 
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concentration of lactic acid in the muscles might be expected to occur. 
This .steady concentration of lactic acid in the muscles would be accom- 
panied by a corresponding lactic acid concentration in the blood, owing 
to the diffusion equilibrium e.xisting between them. It would seem 
probable therefore that the “resting” lactic acid concentration foiiud 
in the blood really is a genuine physiological effect, corresponding to 
that in the muscle, and determining the speed of the recovery processes 
of which the measure is the oxygen consumption. 

Summary, 

1. The thiophene test of Fletcher and Hopkins has been used to 
show the presence of lactic acid as a constant constituent of the blood 
of healthy j'oung men at rest. 

2. Attempts have been made to estimate roughly this amount by 
means of this test, and results show that I to | of the resting “lactic 
acid” estimated by Clausen’s method is lactic acid itself, the rest being 
other substances which yield bisulphite binding compounds on oxidation, 

3. The breathing of pure oxygen for an hour does not remove this 
resting lactic acid from the blood. 

4. If 8-11 p.c. of carbon dioxide in pure oxygen is breathed for 
^ hour the blood no longer gives a positive thiophene test. The dis- 
appearance of the lactic acid is associated with a changed hydrogen 
ion concentration of the blood. This is in agreement wdth the results 
of Anrep and Cannan on the heart-lung preparation. 

My best thanks are due to Prof. A. V. Hill for much help and advice, 
to Mrs R, Conway Verney for determinations of pH, etc., and to Mr H. 
Lupton, M.Sc., Dr Parkes and Mr Scheinfein for acting as subjects in 
the experiments. 
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EXPERIMENTAL HERMAPHRODITISM ON QUANTI- 
TATIVE LINES'. (Intratesticular ovarian transplantation by 
the method of Sand.) Br A. LIPSCHUTZ, \Y. KEAUSE 
AND H. E. V. VOSS. 

{From Ihc Institute of Physiology, Dorpat University, Ta-tu-Eslonia.) 

Steinach Las slion'u in Lis feminisation .and masculinisation 
experiments tLat the liormones of the ovary and of the testicle act 
differently; their hormonic effect is a sex specific one. Steinach'.s 
results have been confirmed by numerous authors such .as Athias, 
Brandes, Goodale, Harms, Lipschutz, by Lillie and his co-workers 
Moore and Minoura, by Pezard, by Sand and by Zawadowsky(l). 
8teinach(2) made experiments also in which a simultaneous trans- 
plantation of ovary and testicle in mamm.als wa.s performed; a herm- 
aphroditic condition was thus obtained. Male guinea-pigs showed 
fully developed male characters and at the same time the mammary 
glands and the teats were highly developed as in a suckling female. 
Similar experiments with experimental hermaphroditism were made 
also by Sand(3) after the results of feminisation and masculinisation 
experiments had been published by Steinach. Great progress in the 
problem of experimental hermaphroditism has been made owing to the 
experimental work done by Sand by his new method of intratesticular 
ovarian transplantation (4). 

The endocrine function of the sex gland has been studied during the 
last years also on quantitative lines. PezardfS), in Gley’s laboratory, 
has performed very exact e.xperiinents on the fowl. LipschiitzlS) and 
his co-workers have studied the quaiitiriative aspect of the endocrine 
function of the sex gland in mammals; they showed that the fragments 
of testicle or of ovary which still suffice to condition a perfectly normal 
hormonic effect, may be very minute ones. Now the question arises, 
whether the hormonic effect and the condition of an ovarian or testicular 
fragment depends, if a state of experimental hermaphroditism is pro- 
duced, upon the quantity of testicular or ovarian mass simultaneously 
present in the same animal. It is clear that this question is of great 
importance in relation to the problem of the antagonism between 
' Partly communicated the 23 June and the 8 Dec. 1923 iti the Soc. dt Biot, dc Paris' 
Specimens have been demonstrated at the Physiol. Congress, Edinburgh. 
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testicular and ovarian hormones, as discussed in the recent years by 
Steinach, Sand, Lipschiitz, Moore and Lillie, 

The intratesticular ovarian transplantation method of Sand provides 
a means of studying the question efEectively. It is only necessary to vary 
the quantity of ovarian mass engrafted into the testicle and to examine 
■whether an ovarian graft -which is much below the normal ovarian 
quantity, ■will cause a similar hormonic effect to an ovarian fragment 
which is present by itself in the body of a female, and to examine the 
condition of the ovarian fragment. An experimental investigation on 
the lines indicated was undertaken. 36 male guinea-pigs operated on by 
Krause by the method of Sand at an age of 4-8 weeks, were observed 
during 1-7 months. 

The quantities of ovary were varied in the following manner: 

First groups : (1) an ovary into each testicle (I b); (2) an ovary into 
one testicle, the second testicle left intact (I c and II b) ; (3) the half of 
an ovary into the testicle, the second testicle left intact (I n and II c). 

Second group^; (1) one testicle removed, two ovaries into the 
remaining testicle (I a); (2) one testicle removed, an ovary into the 
remaining testicle (II a). 

We shall confine ourselves to a short general re-view, as detailed papers 
of Krause and of Voss wiU deal fully with the single experiments. 

Twelve animals with a positive result have been observed. 


Table. 


1 B, 2 
Ib,6 
I c, 1 
II B, 1 
Id, 3 
Id, 6 


Quantity 
of ovary 
and testis 


2:2 

2:2 

1:2 

1:2 


All the seven 


First group : testicular mass not reduced. 

Maximal 


Weight 

Weight 

Duration 

of 5 

of? 

of exp. 

(gr.) 

<gr-) 

in months 

170 

abt. 120 

>6 

IBS 

200 

>6 

320 

140 

7 

290 

adult 

9 weeks 

240 

240 

6 

165 

200 

6 


Beginning develop- Total 

of hyper- ment of number 

trophy. teats. of exps. 

-Weeks Weeks 1 to 

after oper. after oper. 7 months 
7-8 17-18 K 

12- 13 17-18 

18-19 20-21 „ 

7-8 9 

13- 14 15-16 

20-21 22-23 


experiments with ovarian grafts from adults were negative. 


Second group : testicular mass reduced. 


Ia, 1 

2:1 

255 


>2 

6-7 

8-9 

I A, 2 

2:1 

225 

200-250 

>2 

6-7 

8-9 

I A, 3 

2:1 

245 


>2 

6-7 

8-9 

II A, 1 

1 : 1 

310 

adult 

<2 

5-6 

6-7 

II A, 2 

1 : 1 

310 


>2 

7 

8 

II A, 3 

1:1 

295 

Tt 

7 

5-6 

8 


3 

3 


1 In the notes published in the C. R de la See. de Biol, and in the Beul. Med. Woehens. 
(1923) the experiments were grouped and marked in a different manner. 
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In the first group a marked hypertrophy of the teats started about 
2-4 months after the operation. The maximal length was attained about 
i-3 months after beginning of growth. The length of the teats was up 
to 7 mm. corresponding to that of the teats of a suckling female; the 
length of teats in a normal male is about 1-2 mm. The shape of the teat 
in the engrafted males was also that characteristic of the normal female; 
the teat was very large at its basis. The area around the teats was 
protruded. Twice, a yellow doughy mass from the mammary gland was 
expressed; there was no secretion of milk as in many experiments of 
Steinach, Sand and Athias’. 

Some weeks after the maximal development was attained a decrease 
in size began ; but the teats remained always much bigger than in normal 
males or virginal females. 

Out of the six positive cases of the first group, two were implanted 
with only one hall of an ovary. The degree of the feminine horraonic 
effect revealed itself independent of the engrafted quantity of the ovary. 
But possibly the time between the operation and the beginning of the 
hypertrophy depends upon the quantity engrafted ; but nothing definite 
as yet can be said as to this. 

As to the second group in which the mass of testicle has been reduced, 
all the oases were positive, without any exception. The feminine hor- 
monic effect begun about six weeks after the operation and in about 
eight weeks the maximal development of the teats was attained, both 
when ovaries of young and adult females were engrafted. It seems clear 
from these experiments that reduction of testicular mass favours 
the hormonic effect of the engrafted ovary and diminishes 
the time of latency. 

The penis and its accessory apparatus which in the guinea-pig are so 
sensitive to testicular disfunction, were always completely normal. The 
homy styles of the intromittent sac of the penis were as long as in normal 
animals, whereas even after postpuberal castration they undergo re- 
duction, as it was known already to Steinach and as it has been studied 
especially by Lipschiitz and Bormann. The mucosa of the intro- 
mittent sac had its normal epidermal excrescences, whereas in castrated 
animals the mucosa becomes smooth. The size of the penis was normal. 
To sum up: the external male sex characters of all the animals were as 
highly developed as in normal males notwithstanding the presence o 
highly developed female sex characters. 

* In new experiments of Lipschiitz and Voss, milk secretion was observed in many 
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The dissection (Lipachutz) revealed the following. The operated 
testicle was mostly smaller than the normal one. But nevertheless 
spermatozoa were present in the epididymis. The operated testicle was 
mostly adherent to the abdominal wall in such a manner that a retention 
of the testicle was caused without spermatogenesis, this, as we see, being 
necessarily inhibited. The seminal vesicles and the prostate were highly 
developed as in normal adult males. The content of the seminal vesicles 
was examined as to coagulation. As was shown by Camus and Gley(T), 
the coagulation of the vesicular content is conditioned by prostatic 
secretion; coagulation can be caused when a very small quantity of 
prostatic fluid is added to the vesicular content. In the operated animals 
coagulation took place in less than one minute, though the fluid expressed 
from the prostatic gland was diluted by physiological solution. On the 
contrary, the content of the seminal vesicles in castrated animals, as 
was shown by Gley and Pezard(8) and as Lipschiitz has observed 
in numerous cases, is a thin fluid and does not coagulate. 

No examination of the psycho-sexual behaviour was made, since 
such observations are always very subjective and cannot serve as a 
basis- for any quantitative statements. 

The microscopical examination (Voss) revealed the ovarian graft 
in 11 out of the 12 positive cases. Follicles of different degrees of develop- 
ment were present. An ovarian graft was present, in accordance with 
a statement of Sand (4), also in some cases in which no feminine hormonic 
effect was to be seen, though the ovary was in a perfect condition^. 


Summary. 

The statements ofSteinach and of Sand that a simultaneous great 
development of male and female sex characters can be conditioned if 
testicle and ovary are present simultaneously in the same organism, was 
fully' confirmed with guinea-pigs. Sand’s method of intra-testicular 
ovarian transplantation was used. Out of 36 cases 12 were positive. 

In those experiments in which both testicles were present, there 
was a positive result in 6 out of 30 operated animals. Those experiments 
in which one testicle was removed previously to ovarian transplantation, 
gave positive results in all the six operated cases. 

The time of latency, i.e., the time between the operation and the 

1 New experiments of Lipschiitz and Voss, which will be published soon, gave an 
explanation of this phenomenon on the basis of the theory of the antagonism between 
male and female sex hormones. 
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beginning of hormonic effect, was considerably shorter in the experiments 
in which one of both testicles had been removed. 

It seems highly probable, that the testicle inhibits by some kind of 
antagonism the survival and the hormonic effect of the ovarian graft. 
This antagonism does not exclude the survival and the hormonic effect 
of ovarian fragments, which are very small as compared with the normal 
ovarian mass or with the testicular mass simultaneously present. 

There were some indications that in those experiments in which 
both testicles remained in situ, the time of latency of the feminine 
hormonic effect is shortened when more ovarian mass is engrafted. But 
no definite statements as to this could be made. The time of latency 
seems to be shorter, when an adult ovary is engrafted instead of an 
ovary of a young female. 

All the seven experiments, in which the half of an ovary of adult 
animals has been engrafted into one of both testicles present, were 
negative, whereas out of seven similar experiments with half an ovary 
of young animals two gave positive results. 

The statement of Sand was confirmed that the ovary engrafted 
into the testicle can survive without a feminine hormonic effect being 
produced. In one of these negative cases the engrafted ovary contained 
ripe follicles. 
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CHOLIN IN THE BLOOD AFTER PARA- 
THYREOIDECTOMY. By W. F. SHANKS. 

{From the Institute of Physiology, University of Glasgow.) 

W. F. Koch(1) found in the urine of parathyrepidectomised dogs a 
number of toxic bases, including guanidin and dimethyl-guanidin, to 
which he ascribed the symptoms. Noel Baton , Findlay and Watson, 
in conjunction with Burns and Sharpe(2) independently arrived at 
the conclusion that guanidin - or its methyl derivatives are the toxic 
agents in tetania parathyreopriva and in idiopathic tetany. Biedl(3,p.292) 
in a resume of the work upon the subject, concludes that the parathyreo- 
priva tetany is a guanidin intoxication. 

The source of the guanidin has, however, never been ascertained. 
Tetany is associated very frequently with rickets, and Noel Paton{4) 
has drawn attention to the possible importance of the disintegration 
products of lecithin in the etiology of the latter disease. One of the 
constituents of the lecithin molecule is of course cholin and if this be a 
source of methyl-guanidin the connection of tetany Avith rickets may be, 
in part at least, explained. 

There is some evidence in support of the view that cholin may be 
converted into creatin (methyl-guanidin-acetio acid). Riesser{5) found 
that the creatin content of muscle increased after subcutaneous injection 
of cholin and also that there was an increased creatin excretion in the 
urine. He put forward the theory that a linkage took place between 
cholin and urea to form creatin. Baumann and his co-workers{6) per- 
formed numerous perfusion experiments with various substances in 
attempts to ascertain the precursors of creatin. Their results pointed to 
the possibility of cholin and urea and also of cyanamide acting as such. 
The last named, however, was so toxic as to place grave obstacles in 
the way of its experimental employment. Shanks(7) by intravenous 
administration of cholin obtained some evidence in favour of Riesser’s 
views. 

It is not difficult to imagine the formation of methyl-guanidin from 
creatin by oxidation of the acetic acid. Burns(8) found a steady increase 
of guanidin in the hen’s egg during incubation (interrupted by a short 
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fall after the twelfth day), and recently Sharped) has investigated the 
cholin content of eggs and has noticed a steady decrease as incubation 
advances. 

Cholin as such does not circulate in any appreciable amount in the 
blood of the intact animal. Eeid Hunt(iO) noticed the extremely rapid 
disappearance of injected cholin and this has been fully confirmed by 
myself (11). There is no doubt that it is excreted only in small quantities 
in the urine. The great majority of workers have not succeeded in finding 
more than a very small percentage in the urine after administration by 
various routes (see Shanks(i 2 )). 

The evidence cited above of the possible conversion of cholin into 
creatin (and hence hypothetically into methyl-guanidin) suggested the 
performance of some experiments with a view to determining whether 
there was any increase of cholin in the blood of parathyreoidectomised 
animals. The material was obtained from animals parathyreoidectomised 
by Professor D. Noel Paton and Mr A. Watson. 

Method. Blood samples were withdrawn from the animal before the 
operation and again when the symptoms were well developed. The blood 
having clotted, a measured quantity (usually 5 c.c.) of serum was placed 
in a parchment dialysing sac and dialysed for 24 hours against ten times 
its bulk of water. The dialysate was evaporated to dryness on the steam 
bath and extracted with absolute alcohol. The alcoholic extract was dried 
and any cholin present converted into the very active acetyl derivative 
by means of acetyl chloride. The acetylated products were tested in 
suitable dilutions on the excised heart of the frog. I have to thank 
Mr J. S. Sharpe for carrying out the initial steps of the separation of 
cholin in several cases. 

From a considerable experience of such methods I can say that blood 
so treated is very satisfactory to work with. The residue for acetylisation 
is very small and if the acetyl chloride is carefully driven off the product 
dissolved in Ringer is almost perfectly neutral. Thus the necessity for 
addition of alkali to neutralise acid decomposition products of the acetyl 
chloride is avoided. The method precludes the possibility of the effects 
obtained being due to the deficiency of calcium in parathyreoidectomised 
serum described by Trendelenburg and Groebel(i3). 

Results. The results obtained show some variation but in several 
instances the serum extract after parathyreoidectomy was mueh more 
active in inhibiting the frog’s heart, f.c. it contained more acetyl-cholin 
and consequently more cholin than normal serum extract. Details of 
some of the cases with slight and with marked symptoms are appended. 
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Activity of seroin extract compared 


Exp. 


Symptoms 

with pre-operative sample 
from same animal 

1 

Dog 

Moderate 

10-fold more active 

2 

ft 

Marked 

Much more active 

3 

ft 

Very slight 

Slightly more active 

4 

Cat 

Slight 

Much more active 

5 

tf 

if 

»» >» 

0 

Dog 

Marked 

100-fold more active (see Pig I ) 

7 

if 

if 

2-fold more active 



f 

K 


Fig. 1. Frgg heart tracing. Perfused with serum extract at the arrow and with Ringer’s 
fluid at R. A, normal serum extract. B and C, scrum extract from parathyreoidecto- 
mised dog, B diluted ten times, 0 diluted 100 times. 


Conclusion. 

After parathyreoidectomy the serum in cases where the symptoms are 
well developed contains a larger amount of cholin than does normal serum 
from the same animal before operation. 

The author would like to record his indebtedness to Professor Noel 
Paton at whose instigation the work was undertaken and who, through- 
out, took the keenest interest in it. 

Thfe expenses incurred by the author were defrayed by a grant from the Carnegie 
Trustees.^The expenses for animals were defrayed by the Medical Research Council. 
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THE EFFECT OF HYDROGEN-ION CONCENTRATION 
ON THE RECOVERY PROCESS IN MUSCLE. 

By W. HARTREEi and A. V. HILL. 


{From the Departments of Physiology, Cambridge, and 
University College, London.) 

It has long been known that oxidations analogous to those which are 
supposed to occur in living tissues are considerably influenced by the 
hydrogen-ion concentration. According to Mathews and Walker(i), 
the oxidation of cystein to cystin has an optimum hydrogen-ion con- 
centration of about 10"®, being reduced in speed on either side of this, 
but appreciably more on the acid side than on the alkaline. The following 
figures taken from their curve illustrate this fact: 

cH 10-= 10-« 10"’ 10"= 10-s 10-“ 

Relative velocity 0-31 0-51 0-69 1-0 0’82 0-73 

Hopkins’ glutathione (2), on the acid side of neutrality, acts indeed 
as a hydrogen acceptor, thereby allowing a small amount of oxidation 
to occur: it does not, however, ’readily part with that hydrogen again 
and so is unable to work as effectively as a hydrogen transporter, and so 
to katalyse oxidations, as it can do on the alkaline side of neutrality. 
At a hydrogen-ion concentration of its effectiveness in katalysing 
oxidation is at an optimum, while at still lower hydrogen-ion con- 
centrations its effect falls off again. Dixon and Tunnic]iffe(3) found 
that the velocity of reduction of methylene blue by reduced glutathione 
is at its maximum at a hydrogen-ion concentration of about 10"'^'®, the 
relative velocities being, approximately, 

cH i0-‘-= 10-J 10-= 10-= 

Relative velocity 1-0 0-G 0-3 0-1 

while the autoxidation of the sulphydryl compound has the following 
relative velocities 

cH 10-= 10-« 10-«-= 10-’-= 10-= 10-= 10-“ • 

Relative velocity 0-04 0-24 0-41 1-0 0-8 0-7 0-65 

Thus a rise of hydrogen-ion concentration is much more effective in 
diminishing the velocity of autoxidation than a corresponding fall. 

= Working for the Medical Research Council. 
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The effect of hydrogen-ion concentration on tlie velocity of a hie. 
logical oxidation in a living tissue could obviously be investigated by 
a study of the recovery heat-production of stimulated surviving immcle. 
Improvements in myothermic technique having made it possiblotb to 
follo\v, with fair precision, the actual time-course of the recovery process 
after moderate stimulation, it was possible to sidiject the same imiscio 
in turn to various hydrogen-ion concentrations and to study their effect 
on the course of the recovery heat-production. There was a further reason 
for doing this, viz. that recent experiments of Apr op and Cannnu(a) 
on the heart-lung preparation had shown that an alkaline condition of 
the perfusing blood tends to lead to the appearance of lactic acid in it 
while an acid condition tends to its disaijpenrance : it was possible that 
in the heart muscle the optimal hydrogen-ion concentration lor the 
oxidative removal of lactic acid might be so far on the acid side (a) that 
an increase in the cH might tend to bring the process nearer to its 
optimal “reaction” and so to speed up the removal of lactic acid 
formed during exercise, and (6) that a similar decrease of cH might 
work in the opposite direction and so lead to delay in the removal of 
the acid. 

Methods. There appeared to be two ways in which the hydrogen-ion 
concentration of the muscle might be varied, {A) to subject it to various 
concentrations of COj in oxygen, and (B) to immerse it in a buffered 
Ringer’s solution of known hydrogen-ion concentration. The former is 
onlyroughly quantitative, in respect of the absolute value of the hydrogen- 
ion concentration to which the muscle is subjected, but proved to give 
the more consistent and reliable results. In (.4) in three successive sots 
of observations the oxygen in the muscle chamber was diluted (i) noth 
a known percentage of Nj, (ii) with the same percentage of COj, and 
(iii) with the same percentage of Nj again. In this way the effect of CO 
could be ascertained directly by comparison, by altering the CO, per- 
centage without varying the oxygen pressure; while a final reiam to the 
COg-free mixture enabled one to be sure that the effect was reversible 
and not the result of some permanent damage produced by fbg qq 
In (B) two salt solutions very similar to those employed liyMiaesroi' 
but more effectively buffered and containing less acid aod elitH, were 
made up as follows: 


I litre 

1 M 

200 c.c. 
300 „ 
6*5 litres 


Boric acid M/IO 
Sodium acetate M/IO 
CaCl, M/10 
KCl M/10 
NaCl M/8 
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These were mixed in any proportion required to produce a given 
hydrogen-ion concentration, which was determined by a series of indi- 
cators and standards prepared by the British Drug Houses. Usually 
the muscle was left for half-an-hour in its chamber, in neutral or alkaline 
solution, tlie solution was then blown out by oxygen from a cylinder, 
and a few observations of the recovery heat-production made as soon 
as possible. The solution was then changed for another, of any required 
hydrogen-ion concentration; the muscle was left in this also for half-an- 
hour, and then again^a few observations of the recovery heat-production 
made in oxygen. Finally a return was made to the first solution for half- 
an-hour, and again a few observations recorded in oxygen. 

It should be noted that the effect on the recovery heat-production, 
of time elapsed from the start of the experiment, is of the same nature 
as the effect of an acid medium, since it has been found that, after any 
set of observations continued at intervals over a considerable period, 
the maximum rate of recovery becomes reduced and the whole process 
is spread out longer. 

In Case (A) {i.e. COg) in three out of sixteen experiments the final 
curves of heat rate during the recovery process showed about as much 
departure from the original curves as might be expected from the time 
elapsed, for a muscle kept throughout in oxygen. In the other thirteen 
experiments the departure from the original was less; this can he 
accounted for by the effect of washing with Ringer’s solution after COj 
had been used, which tends to diminish the time effect to some extent; 
thus it may safely be assumed that the effect of CO 2 , at least when 
not used in a strength of more than about 25 p.c., is completely 
reversible. 

In Case [B) (i.e. buffered Ringer’s solution) the effect of previous 
soaking in an acid solution always remained after soaking for half-an-hour 
in a neutral or even in an alkaline solution. The first record taken after 
soaking in the final alkaline solution was frequently very similar to that 
after soaking previously in an acid solution; successive records, however, 
taken while the muscle remained in oxygen, showed a tendency to return 
to the type of those taken after the original alkaline solution; this 
tendency to return was distinctly greater after the muscle had remained 
for an hour or so in oxygen. Thus, in Case (B), it is impossible to obtain 
a “reverse” and so properly to eliminate the time effect; any numerical 
result for showing the effect of increased cH can be obtained only hy 
comparing directly the observations (1) after soaking in neutral or 
alk^ine solution, (2) after soaking in acid solution. The results therefore 
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mil not be so reliable as those obtained by the use of CO,; the general 
effect, however, of the acid solution is as shown in Fig. 2. 

ResttUs. In no case was it observed that an alteration of the hydrogen- 
ion concentration had any effect on the total recovery heat-production: 
the latter remains consistently about 1-5 times the total initial heat, 
presumably therefore the nature and completeness of the recovery process 
are unaffected by the hydrogen-ion concentration. The velocity, however, 
with rvhich it occurs is largely affected, as is shown by the curves of 
Fig. 1. Here we see that 15 p.c. of CO^ in oxygen diminishes the v-elocity 
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Fig. 1. Effect of CO, on the time-couKe of the recovery heat-production. Inset, the effect of 
varying percentages of CO, on the maximum rate of hcat-production during recovery. 


of the recovery process in its early stages by about 33 p.c. ; naturally, 
of course, if the total extent of the recovery process remains the same, 
this lower rate at the start must be compensated by a higher rate later 
on, as indeed we see. The best measure of the vigour of the recovery 
process is afforded by its maximum rate, a quantity which is fairly 
accurately obtainable in the analysis of the records, and occurs sufficiently 
early to make it a reasonable criterion of the speed of recovery. If the 
percentage diminution in the maximum rate of recovery heat-production 
be plotted against the COj pressure, the result is a straight line, as shown 
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in the diagram inset in Kg, 1. The speed, therefore, of the oxidative 
process of recovery diminishes as a linear function of the COg pressure. 

The CO 2 contained in muscle, in combination as bicarbonate, under 
ordinary conditions, has been determined by Meyerhof (7). It amounts 
to about 0-1 c.c. per gm. of muscle. If this quantity of combined COg 
were constant, and independent of the COg pressure, the hydrogen-ion 
concentration of the muscle could be calculateddirectly by Henderson’s 
equation from the COg pressure and the volume of combined COg. 
Assuming for the constant h in the formula, 

cH = i.pCOg/uCOg, 

the value found by Barcroft(8) and his collaborators for human blood, 
viz. 4*7 X 10“®, the hydrogen-ion concentration of the muscle may be 
calculated as follows: 

p.c. of COj 10 20 30 40 60 

cH 10-<'S 10-«-2 10-^-“ 10-“' 10-'-8 

This calculation is admittedly rough: and since it is probable that muscle, 
like blood, increases its content of conibined COg when subjected to 
increasing COg pressure, the calculated cH’s are probably too high at 
the higher COg pressures. They should, however, certainly be of the 
right order of quantities. Thus an increase of the cH from the normal 
value of the resting frog’s muscle to something less than 10~®’® is sufficient 
to diminish the speed of the recovery heat-production by some 50 p.c. 
This efiect is comparable in magnitude with that of an increase of cH 
on the velocity of autoxidation of cystein or glutathione: it suggests 
that the normal oxidations occurring in muscle are similar in nature 
to these known types. 

It is not, of course, certain that the active portions of the muscle 
have their cH as much affected by COg as the calculation suggests: 
though it is certain that they must be freely permeable to COg, since 
the latter is formed in oxidation and has to escape. The work moreover 
of J a c 0 b s ( 11 , 12), referred to below, makes it very likely that the presence 
of COg outside rapidly afiects the cH inside the fibre. The possible increase 
of the combined COg of muscle, with increase of COg pressure, would 
seem to be worthy of a special investigation, both in this connection 
and in that of the buffers of muscle: it appeared undesirable, however, 
to hold up the publication of our present results until such an investiga- 
tioA\had been made. The. true hydrogen-ion concentration of the muscle 
cannot well be greater than that calculated as above, so that the effect 
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observed on the recovery process is due to a comparatively small change 
of cH. 

Tie effects found with the buffered Ringer’s solution may be divided 
into two categories: (o) those obtained on the alkaline side, and (6) those 
on the acid side of neutrality. Fifteen good e.xperiments were performed, 
all at 15° C., the muscle being stimulated in oxygen after soaking in 
the solution for half-an-hour. Of these, six experiments were on the 
alkaline side, and made it certain that there is no appreciable change 
in the speed of the recovery process between hydrogen-ion 
concentrations of 10“’ and 10"’“'’. In one of these e.xperiments four 
successive records after exposure to a cH of 10"’, four after exposure 
to a cH of 10"’“’’, and four after returning to a cH of 10"’, were prac- 
tically identical. On the acid side, however, a difference immediately 
became obvious. A change from 10"’ to 10"“'“ produced an observable 



Fig. 2. Effect of hydrogen-ion concentration of the ffnid in which a muscle is immersed 
on the maximum rate of heat-production during recovery. 

effect, and a higher cH had a geater effect, as shown in the diagram 
(Fig. 2). .Here the effect is measured by the percentage drop m the 
maximum recovery rate when compared with that occurring at neutrality. 
At hydrogen-ion concentrations greater than 10"^ ® the initial deflection 
due to the heat-production usually fell off, and the movement o t e 
thermopile zero indicated a continued small production of hea^ in a 
manner making good records unobtainable. This is presumably ue to 
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a harmful effect of such high cH’s on the muscle itself, causing the 
spontaneous liberation of lactic acid in it. 

' The numerical results obtained with the buffered Ringer’s solution 
are not very consistent in the different experiments. This is due, at least 
in part, as indicated above, to the impossibility, in this case, of obtaining 
an accurate “reverse," i.e. a return to the initial alkaline or neutral 
condition, after subjection to acid. In the case of the COg experiments 
an accurate “reverse’"’ was obtained, so we regard those experiments 
as being the more rehable. Apparently the effect due to an acid buffered 
Ringer's solution takes a long time to pass away. Thus the curve in Fig. 2 
cannot pretend to be as accurate as that of Fig. 1, but it gives the mean 
results of all the experiments in acid and certainly shows the general 
effect of a high cH. 

We see therefore that there is general agreement between the two 
methods, in the conclusion that a rise in hydrogen-ion concentration 
considerably diminishes the speed of the recovery process. The COa-effect 
therefore is not altogether a specific one, but is due (in part at any rate) 
to the rise of cH caused by it. On the other hand, the effect of a change 
of cH produced by the buffered Ringer’s solution would appear to be 
considerably less than that caused by CO 2 , if the calculation given above 
for the cH of muscles at different COg pressures be anywhere near the 
truth. It would seem probable that COg is able freely and rapidly to 
permeate the muscle fibre, and so to cause its consequent rise of cH 
fairly soon: but that the acids present in the buffered Ringer’s solutions 
take a very long time to pass into the muscle, and so do not (in half-an- 
hour) produce their full change of cH inside the fibre. This is borne out 
by the fact that a change in the speed of the recovery process produced 
by subjection to acid conditions is not readily reversed by a return to 
a neutral or alkaline medium. Only after very prolonged soaking in a 
neutral or alkaline solution can the effect of a previous acid solution be 
abolished. It would seem likely that the effect of an external change 
in the hydrogen-ion concentration, on the recovery heat-production, is 
usually diminished by the fact that an equilibrium takes so long to be 
attained between the external solution and the inside of the fibre. The 
true effect, therefore, of a change of cH inside the muscle itself is more 
correctly shown by the experiments in COg > which is able freely to pass 
in and to affect the cH inside: in these experiments calculation from 
Fig. 1 shows that a comparatively small change in hydrogen-ion con- 
centration produces a relatively large diminution in the speed of the 
recovery\process, an effect analogous to, and comparable in magnitude 
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ivitli, that found to occur iu autoxidations similar to those probably 
occurring in the muscle. 

Tliat the difference between the efiects of CO,, and of buffered 
Ringer’s solutions respectively, is due to a difference fo the permeability 
of the ceil wall by carbonic and other acids, is strongly supported by the 
work of Jacobs(n,l2). COj in solution was shown to be enormously 
more effective, in killing tadpoles or protozoa, or in exciting the taste 
receptors of tlie human tongue, than other acids in solution at the same 
hydrogen-ion concentration. Even in the presence of sufficient bicar- 
bonate to render the solution alkaline, the specific effect of CO, still 
occurred. This effect might have been attributed to some molecular 
character of CO, as such, rather than to its facility in passing through 
the cell envelope and so producing a change of cH inside. That the latter 
however is the true explanation is shown by further experiments on the 
flowers of Symphytum percgrimim, which contain an indicator of hydrogen 
ions in their pigment, which is pink at higher cH’s, blue at lower. All 
acids, other than COj, affect the colour of the pigment very slowly, while 
COj can produce an acid effect inside, even when dissolved in an alkaline 
bicarbonate solution outside. A solution of CO2 in bicarbonate produced 
fust as vivid an effect on the colour of the indicator in the flower as water 
with 4000 times the hydrogen-ion concentration. It would seem that CO, 
has specific powers of penetrating living cells, but that, once inside them, 
it produces its effect merely by altering their hydrogen-ion concentration. 

These autoxidations are known to have an optimum at, or somewhat 
near, neutrality: they diminish in speed on the alkaline, as well as on 
the acid side, though much more noticeably on the latter. The recovery 
process in muscle appears to be absolutely uninfluenced by making the 
reaction more alkaline than neutrality. It is conceivable that this may 
be due to the muscle being impenetrable to the alkalies present in our 
buffered Ringer’s solution, and unfortunately it is not possible to use 
the CO, method on the alkaline side. The complete absence, however, of 
any effeot on the alkaline side, when compared with the immediate effect 
observed on the acid side, suggests that the result obtained is a genuine 
one, and that the recovery process approaches its maximum speed 
asymptotically as the cH is diminished, attaining that value finally at, 
or about, neutrality. If so, in this respect the recovery process is unlike 
the autoxidation of cystein or glutathione: but analogous rather to the 
phenomenon observed by Hartridge and Roughton(9), who found 
the velocity of the reaction 

HbOa -> Hb -i- Oj 
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to vary with the hydrogen-ion concentration, being low and constant, at, 
and at less than, one of 10-’’’, high and constant, at, and at more than, 
one of 10-®’®, rising gradually from one level to the other between these 
limits. In this case, as suggested by Brown and Hill{i 0 ), the diminished 
affinity of haemoglobin for oxygen, as the hydrogen-ion concentration 
increases, is probably an ionic efiect, the ion having many times the 
affinity for oxygen that the undissociated molecule has. As the hemo- 
globin solution passes from a cH of 10-’’’ to one of 10-®’®, the hemoglobin 
—originally fully dissociated into its ions— becomes gradually less dis- 
sociated, and finally completely undissociated. It would seem possible 
that the effect of a rise of hydrogen-ion concentration on the recovery 
process involves a similar ionic mechanism, the velocity of oxidation 
being dependent on the presence of some iom’sed bodies in the muscle, 
being diminished in speed therefore by a reduction in their degree of 
ionisation. An analogous suggestion was made by Mathews and 
Walker (1) to explain the existence of an optimal reaction for the oxida- 
tion of cystein, viz. that the neutral, non-ionised molecule in this case 
oxidises the most rapidly. 

Finally, it is obvious that the results of Anrep and Cannan(5) 
cannot be explained on the basis of our experiments, A rise of cH 
diminishes, under all circumstances, at any rate in frog’s skeletal muscle, 
the speed of the recovery process, and so would not tend to accelerate 
the oxidative removal of lactic acid introduced into the blood perfusiog 
a heart-lung preparation: nor does making the reaction more alkaline 
diminish the speed of the recovery process, as would be required to 
explain the appearance of lactic acid in the blood made alkaline by over- 
ventilation. Clearly the mechanism of their results is of a completely 
different character. 

Summary. 

3 . The effect of a rise of hydrogen-ion concentration is to diminish, 
in frog’s skeletal muscle, the speed of the oxidative recovery process, 
as measured by the recovery heat-production. This is true whether the 
rise of hydrogen-ion concentration be produced by exposure to COg, or 
by buffered Ringer’s solution. 

2. The effect of COg is rapid and completely reversible, showing that 
the COg readily permeates the muscle fibre. The effect obtained with 
buffered Ringer’s solutions of different hydrogen-ion concentrations is 
not so readily reversible, although a return is possible after very prolonged 
subjection to the initial solution: which suggests that the acids in a 
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buffered Ringer’s solution do not freely penetrate tbe muscle. This is 
in beeping with the findings of Jacobs, on the specific penetration of 
cells by COj. 

3. A rough calculation of the hydrogen-ion concentrations produced 
in muscle by various pressures of COj, shows that the effect of an increase 
of hydrogen-ion concentration on the speed of the recovery heat-pro- 
duction in muscle is comparable with its effect on the autoxidation of 
cystein or glutathione. 

4. A fall, however, of hydrogen-ion concentration in the fluid bathing 

a muscle, from neutrality to has no effect on the speed of the 

recovery process; differing in this respect from its action in the case of 
cystein or glutathione. 

5. It is possible that the mechanism of oxidation in the recovery 
process is analogous to that of the autoxidation of such bodies as cystein, 
or of reactions katalysed by the presence of a hydrogen transporter such 
as glutathione. If so, the absence of any effect of increased alkalinity 
must be explained by the hypothesis that alkalies in solution do not 
penetrate the muscle fibre. It is possible, however, that the recovery 
process is dependent upon the presence of some ionised intermediary or 
katalyet, whose ionic dissociation is complete at, and beyond, neutrality, 
but diminishes, like that of a weak acid, as the hydrogen-ion concentra- 
tion rises. 

The expenses of this research were defrayed in part by a grant from the Boyal Society. 
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THE INNERVATION OF THE PYLORIC SPHINCTER 
OF THE RAT. By M. NAKANISHI. 

{From the Physiological Laboratory, Cambridge.) 

Whilst numerous observations have been made on the behaviour of the 
pyloric region of the stomach, few have been made on the effect of nerve 
stimulation on the pyloric sphincter as distinguished from the rest of 
the pyloric region. Openchowski(i), in experiments in which some 
part of the central nervous system was stimulated, came to the conclusion 
that the thoracic nerves as far as the 10th sent inhibitory and motor 
fibres to the pyloric region inclusive of the sphincter: the inhibitory 
fibres being more numerous than the motor in the dog and less numerous 
than the motor in the rabbit. Elliott (2) briefly mentions that the 
pyloric sphincter of the rabbit is contracted by adrenahne and also by 
stimulation of the splanchnic nerve, but that the contraction is weak. 
Smith (3) in the course of observations on strips of the stomach removed 
from the body found that adrenaline caused slight contraction of the 
pyloric sphincter in a few instances, but that in most cases no reaction 
could be obtained. 

I have investigated the behaviour of the sphincter in rats by the 
following method. The rats were anaesthetised with urethane and kept 
warm by a bag containing hot water. A small glass tube was introduced 
into the stomach through the oesophagus and tied in the oesophagus. 
The tube was connected with Mariotte’s bottle containing warm Ringer's 
solution. The right side of the abdomen was incised and another larger 
glass was inserted into the duodenuiii for recording the flow of fluid from 
the stomach by a drop-recorder. 

The critical intragastric pressure which was sufficient to force fluid 
through the sphincter was at first about 1 1-15 cm. water pressure. It 
varied during the experiment and tended to become higher in the case 
of the vagus stimulation. The observations were begun a few centimetres 
below the critical pressure, the sphincter then generally had periodic 
openings. 

For stimulation of the nerves I used induction shocks of such strength 
as to be felt fairly strongly on the tip of the tongue. Sometimes I used 
also a stimulus which was only felt feebly. 
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The vagus. The peripheral end of the vagus was stimulated (a) on 
the oesophagus a little below the diaphragm, (6) in the neck after giving 
atropine, (c) in the neck without giving atropine. 

In stimulating the nerve below the diaphragm the branch on the ventral 
surface of the oesophagus was taken. With a fairly strong stimulus, 
relaxation of the sphincter was constantly obtained. The degree of 
relaxation and its duration varied considerably in different experiments, 
and in any one experiment varied with successive stimuli. 

Kg. 1 is an example of marked relaxation when there is high initial tone ; 
the cessation of the stimulus is followed by rhythmic contraction and 



I'jg. 1. Marked relaxation of the pyloric ephinctcr caused by fairly strong stimulation of 
the anterior vagus brancji below the diapbmgm. tipper line: drops of fluid from the 
stomach. Middle line: stimulation of the nerve. Under line: time in seconds. 

Fig. 2. Contraction of the pyloric sphincter caused by weak stimulation of the anterior 
vagug branch below the diaphragm. 

relaxation, the duration of the relaxation gradually decreasing. Weaker 
stimulation in all cases but one gave a siroilar but less effect. In the 
exception, there was contraction of the sphincter instead of relaxation 
(Fig. 2) showing the presence of motor as well as of inhibitory fibres in 
the vagus. In some cases, especially when the tone of the sphincter was 
low, and fluid was passing at short intervals through it, the primary 
increase of flow caused by stimulation was followed by a decrease, in 
eating the presence of motor fibres: this however was not a mar e 
feature of the results. The greater the tone, the longer was the latent 
period and the more obvious the effect of vagus stimulation. Figs. 3a, 
show the effect of two stimuli of equal strength, the former at the beginning 
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of an experiment ■with low tone, the latter after numerous stimulations 
when the tone had increased. (Time in seconds in all figures.) 







Fig. 3. Relaxation of the pyloric sphincter caused by weak stimulation of the anterior 
Tagus branch below the diaphragm; a, at the beginning of an experiment with low 
tone of the sphincter: — ^relatively short latent period before the relaxation; h, when 
the tone of the sphincter had increased after repeated stimulation of the nerve; — 
long latent period and greater, though less lasting, relaxation. 

When atropine (l-S mgrm.) was injected into the femoral vein and the 
peripheral end of the cervical vagus stimulated, the results were much 
the same as those descnbed above. So far as the experiments went, the 
after-contraction of the sphincter was greater (Fig. 4) with fairly strong 
stimulation. Weaker stimulation once, but only once, caused trifling 











Fig. 4. Relaxation and after-contraction of the spliincter caused by fairly strong stimula- 
tion of the vagus nerve in the neck after atropine injection. 

preliminary contraction. Stimulation of the vagus in the neck when 
atropine was not injected gave results not distinguishable with certainty 
from those obtained after atropine injection. 

The splanchnic nerve. The left splanchnic nerve was exposed and cut 
in the abdomen. Since the nerve is smaE in the rat, it was taken with a 
little fatty tissue surrounding it. Stimulation of the nerve caused con- 
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traction of the sphincter (Fig. 5). The efiects were not due to setting 
free of adrenaline, for contraction was obtained by stimulating the 


: 

^ j .I..-..:!-.,.' -..j 




Fig. 5. CoatractioQ and after-relaxation of the sphincter caused by stimulating the loft 
splanchnic noire. 


splanclmic nerve after extirpation of the suprarenal glands. The con- 
traction was usually followed by relaxation; this varied in character, 
sometimes being irregularly rhythmic, sometimes being fairiy regular 
and slight. It may be mentioned that in one case the splanchnic was 
mechanically stimulated by traction and this had the same effect as 
electrical stimulation. 

The preceding results show that in the rat stimulation of the vagus 
has usually a predominant inhibitory eSect and the splanchnic usually 
a predominant motor effect. The effect of adrenaline was then tried. 

B^ecl of adrenaline. In the first place this was applied locally. A small 
piece of cotton wool soaked in O’l p.c. adrenaline was placed on the outer 
surface of the pyloric sphincter. The effect was like that produced by 



Fig. 0. Contraction of the pyloric sphincter caused by local application of adrenaline. 

Middle line: placing and taking off of the cotton-wool soaked in adrenaline. 

Fig. 7. Contraction of the sphincter caused by intravenous injection of adrenaline. 
X, injection of adrenaline. 

stimulating the splanchnic nerve, but the contraction, though it took 
some time to produce, was greater (Fig- 6)- In the example given the 
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contraction was followed by rhythmic dilatation. Intravenous injection 
of adrenaline had a similar effect (Fig. 7). 

SUMMABY. * 

The experiments show that the predominant effect of the vagus is 
inhibition of the pyloric sphincter and that of the sympathetic is con- 
traction, i.e. the predominant effects of the two systems of nerves are 
antagonistic. But it is clear that the vagus has also some motor fibres 
for the sphincter; these, no doubt, are brought into play in vomiting. 
The evidence that the sympathetic contains some inhibitory fibres for 
the sphincter is less satisfactory; since inhibition on stimulating the 
splanchnic nerve was only obtained as a secondary effect after a pre- 
liminary contraction. Adrenaline, as in so many other cases, produces 
an effect broadly similar to that caused by sympathetic stimulation. 

I am greatly indebted to Prof. Langley for his kind advice and sug- 
gestion during the course of my work. 
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The force exerted by contracted capillaries. 

By Thomas Lewis'. 

In a previous communication Cotton, Slade and Lewis(i) liaie 
demonstrated that the "white line” produced on the ouiface of hum in 
skin by light stroking is due to an active contraction of the capillanes 
The data upon which this conclusion was based ha\e been full) confirmed, 
in part by Ebbecke(3), and in pait by CairieiO) who come to sub- 
stantially the same conclusion as that at which we arrived 

I have now used this "white line” reaction in studying the force 
which actively contracted capillaries of the human skin can exeit The 
method is a simple one A line (oi band) of pallov ib pioduced on the 
skin surface in a subject who shows the phenomenon vividly (this *s 
usually a young subject), the white line is then investigated Suction 
IS applied by means of a glass capsule, and the pressure over the line 
leduced until it takes the tint of the neighbouring skin and becomes 
indistinguishable, or the venous pressure I'v raised in the corresponding 
tissue area, by constricting the veins at accurately known pressures, 
until again the line of pallor is abolished Each method approximately 
indicates the amount of force required to distend the contracted capil- 
laries The first method is applicable to the skin of any part of the body, 
the second to the skin of the limbs only 

The following example is an illustration In a young man (whose 
systolic B p IS 115 mm Hg) a band of skin pallor, produced by strokmg 
either forearm, interscapular region or lower part of the calf, is just 
abolished by suction at pressures varying between —90 and —100 mm Hg 
Similar bands on the forearm are not materially changed by raising the 
venous pressure in the limb to 90, and are reduced, but not abolished, 
by raising it to 100 and 110 mm Hg The two distinct methods of 
testing the arm sufficiently confiim each other From these observations 
it IS to be concluded that a force, equivalent to or exceeding 100 mm Hg 
^ Working on behalf of the Medical Eesearch Council 
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is needed to distend the actively contracted capillaries in this subject ; 
a similar force is therefore exerted by the contracted capillaries on 
their contents. It is probable that the measures obtained are lower 
than those which the capillaries can exert, since capillary pressure 
necessarily exceeds venous pressure. 

The magnitude of the force, as measured in other individuals, is 
usually less than that ascertained in the above illustration, ranging, so 
far as present experience shows, from 50 to 100 mm. Hg, and does not 
usually approach so closely to the systolic arterial B.P. as in this case. 

These observations help to explain why capillary distension in the 
human foot does not occur on assuming the erect posture ; contractility 
of the capillary wall in the foot would have little functional value if it 
were not highly developed, and unless the capillaries of the foot were 
not normally tonically contracted. Appreciable or constant differences, 
in the power of the capillaries of various skin areas to exert pressure on 
their contents, have not been found. 

If the capillaries are first dilated by suction or by venous congestion, 
the pressure which they are then able to exert on their contents, as 
shown by the subsequent development or non-development of the “white 
line,” is naturally found to be less, sometimes much less, than is indicated 
by the values here given. 

The white reaction may also be produced by lightly stretching the 
skin ; it is suggested that the reaction comes into play in conditions of 
exercise and that when, for example, a limb is moved, the blood tends 
to be diverted from the skin vessels to the vessels of the muscles. 

Note. The term capillaries, as used in this communication, is a brief 
equivalent for those minute vessels which are responsible for skin colour. 

EEFEBENCES. 

(1) Heart, 6. 227. 1916-17, 

(2) Pfluger’s Archiv, 169. 1. 1917. 

(3) Amer. Joum. of Physiol. 61. 528. 1922. 

A film method for the reaction of the liquids of the body 
by indicators. By G. A. Buckmastee. 

Wire rings or loops varying in size and made of various metals were 
on trial found to be useless for making durable films. However with 
suitably constructed celloidin rings, films, which are practically colourless, 
of serum, bile, urine and other liquids remain unbroken for a long time, 
often rnr an hour. 
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The indicator is added from a pipette, constructed as a stalagmometer 
which delivers a drop of constant size, to two films ; one of these is the 
liquid to be examined, the other a phosphate-citric acid buffer standard 
solution^ 

The colours can be exactly matched by reflected light and the value 
of the Pu of the standard employed is read off directly from a graph. 


Purkinje fibres in the auricles of birds^. By A. H. Holmes. 

(Preliminary Communication.) 

The heart of the following birds has been investigated for the presence 
and distribution of Purkinje fibres: ostrich, rhea, pigeon, duckling,, 
gosling, fowl, swan, linnet, cormorant, toucan. Sections have been cut 
8 or 10 microns in thickness, and stained by heematoxylin and eosin, 
or by hsematoxylin and Van Gieson’s stain. In this communication, 
reference will only be made to the findings in the auricles; these may be 
expressed in the form of a table. 
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0 
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0 

0 

0 

0 



0 
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0 

0 

0 

0 



+ 

+ 
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0 

0 

0 

+ 



0 

0 



Purkinje fibres are recognisable by their size and staining. Usually 
they are larger in cross section than the ordinary myocardial fibres, and 
they always stain less deeply than the latter, on account of their in- 
complete fibrillation. In the ostrich a Purkinje fibre may be 20 times 
the diameter of a myocardial fibre, and the contrast in staining may be 
very marked. In other birds, such as the duck and the fowl, the contrast 
as regards both size and staining may be very slight indeed, and onij 
recognisable under high magnification. Purkinje fibres may be seen in 
direct continuity with myocardial fibres; in the ostrich their gradual 
reduction in size to that of myocardial fibres is readily observed. Every- 

^ MeJlvaine. Joum. 0 / jRioL CAtni. 49. p. 183, 1921. 

* Observations undertaken for the Medical Besearch Council. 
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where Purkinje fibres appear closely associated mth connective tissue, 
whether this be under the endocardium, around arteries in the myo- 
cardium, or in the epicardium. 

No association udth nerves has been observed in this investigation. 
No special strands of Purkinje fibres have been foimd such as would 
suggest paths of stimulus conduction, though the fibres are most plentiful 
under the endocardium covering the larger trabeculae. Although tissue 
resembling the sino-auricular node of mammals was foimd near the 
orifice of the superior vena cava of the ostrich, nothing corresponding to 
the auriculo-ventricular node was found in any heart. 

The present investigation of the differentiation, amount, and dis- 
tribution of Purkinje fibres suggests that these fibres do not form the 
path of conduction of the stimulus to contraction in the auricles of birds. 


Thermodynamical proof of the reciprocal relationship of oxygen 
and carbon dioxide in blood. By Gilbert S. Adair. 

Consider the equilibrium of four components : 

Hb -i- 02= HbOo-p arCOg (1). 

£=mol8 COo expelled per mol Hb oxidized. 

If the reaction followed the law of constant proportions, equilibrium 
would be given by an equation of the form of Gibbs (121). [Equilibrium 
of Heterogeneous Substances.] 

yu-Hb -f /Li02 = /iHbOo-P /iCOg (2), 

where /nHb is the molecular thermodynamic potential of hBemoglobin. 
Since 2 is a function of [CO,] the differential of (2) must be applied : 
fiEhd [Hb] -1- /iOgd [Og] = yaHbOgd [HbOg] + fiGO^ .z.d [COg]. 

Let the concentrations of Hb and HbO. be constant. 

Let yu.Hb — /xHb02= constant = Ar. 

.’. i:-»-ya02d[02] — /iC02Z(i[C0j]. 

Let z be constant over the short range of COg concentrations [COo],, 

[C02]2. 

Let yaOo = const. A^i + iiTlog [Og], 

jJbGO^— n Ag-l- log [COo]. 

. • . k + h + RT log [Og]! = zk^ + zRT log [COg]!. 

/fc -f A'! -{- RT log [Og]g = zh + zRTlog [C0g]2. 

. - . log [Og]! - log [Og ]2 = 5 (log [COg], - log [COg]g), 

.•. rf log [ 02 ]/ci! log [COg] = 2 ^ 


( 3 ). 
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Hence ^,tho COj expelled on oxidation, can be calculated by measuring 
oxygen tensions and CO. tensions at a definite saturation, and conversely, 
the effect of CO 2 in increasing the oxygen pressure required to I'each a 
given saturation can be calculated from nieasuroincnts of c at different 
CO- tensions. 

log[0,l=/crflog[COj (4). 

Integmting (4) with the data of Christiansen, Douglas and 
Haldane, the calculated oxygoMi pressures at 807o HbO»are 23,86,45, 
G7 for COj tensions 3, 20, 40, SO. The observed Oj pressures on 
Barcroft's blood were 24*5, 35, 45, 62. The slight discrepancy is due 
to the separation into plasma and corpuscles. The beautiful simplicity 
of formula 3 and 4 is evident only in homogeneous solutions. 
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The behaviour of lecithine, hydrolecithine and cholesterol in 

monomolecular films. By J. B. Leathes. {Preliminary Note)' 

Lecithine forms a film on water and when studied by the improved 
technique of N. K. Adam this film is clearly an “expanded” film, the 
area reckoned for each fatty acid chain at 1*4 dynes per cm, for two 
preparations made in this laboratory by Levene’s method being 55 and 
58A2 at room temperature and for a third completely analysed specimen 
(for which I am greatly indebted to Dr Levene) 56*6 at 15°, 52-6 at 
4>5°; even at this latter temperature there was no sign of condensation 
at 12 times this pressure. 

But a preparation of hydrolecithine, also given me by Dr Levene, 
gives on the other hand a condensed film, in which at 1-4 dynes per cm, 
each fatty acid chain occupies the area 28 and even under the very 
high compression that this substance withstands, of the order of 200 
atmospheres, the area is not as small as that of palmitic at one-fortieth 
of this pressure. 

So the presence of the phosphoric acid and chohne in the part of the 
molecule that rests on the water prevents close packing of the paraffin 
chains in a condensed film. The expansion of lecithine films is due to the 
unsaturated acid radical; for oleic acid and triolein give expanded films, 
stearic and tristearin condensed ones, as Adam has sho^vn. 

Cholesterol gives a condensed film with molecular area 38 A^ at 
1-4 dynes per cm. ; at twenty times this compression only about 3 p.c. 
less: so the compressibility is small. If the specific gravity of cholesterol 
in the film is the same as that of the substance in bulk, if that is to say 
there is in this latter state no interlocking of the molecules in successive 
layers, the thickness of the film would be 17 A, the compression force 
required to reduce the area of the film by 3 p.c. would be about 170 
atmospheres and the vertical length of the molecule would be nearly 
three times its transverse diameter. 
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Since cholesterol palmitate docs not give a monomolecular film it 
appears certain that it is the hydroxyl gronp in the cholesterol that 
binds the molecule to the water surface, reinforced it may be by the 
nnsaturated pair of carbon atoms which Windaus has shown to be 
near by in the adjacent 5 ring. 

Cholesterol mixed with lecithine or fatty acids in the same film tends 
to canae closer packing, detectable even with palmitic acid .at ordinary 
temperature on dilute acid, but amounting to a reduct'on of area of 
30 to 40 p.o. in the case of expanded films (palmitic acid at 35° to 40°, 
trideoyhc acid at room T°); with lecithine the reduction of area when 
mixed wdth cholesterol was less than this but still definite: even with 
hydrolecithine it was also definite. 

Experimental alterations In the oxygen .and carbon dioxide 

tensions of air between the akin and the muscles. By 

J. Argvll Campbell. 

In previous observations' it was shown that injection of air between 
the skin and the muscles afforded a ready means to e.xnmine changes of 
carbon dioxide tension in tissue spaces under various conditions. In the 
present observations the oxygen tension was also estimated. Air was in- 
jected under the skin (rabbits) of the back and left there until the oxygen 
and carbon dioxide tensions therein had come into equilibrium with the 
tensions of these gases in the tissue spaces. In the case of oxygen this 
was found to have occurred in about thirty-six hours, the tension being 
at about 20 to 30 mm. On the other hand the carbon dioxide tension 
equilibrium was established in an hour or so, at about 40 to 50 mm. Hg. 

Exercise. Two minutes after cessation of exercise to produce fatigue 
the carbon dioxide tension was markedly increased (by 15-20 mm. and 
more), but in an hour or so fell below the original level. The oxygen 
tension was usually slightly decreased at first, but later rose well above 
the original level. 

Artificial respiration. Both the carbon dioxide and the oxygen ten- 
sions were decreased by vigorous artificial respiration, the former to a 
marked degree. Some time after cessation of the artificial respiration 
the tensions returned towards normal. 

Pituitary extract. Subcutaneous injection of “ Infundin (1 o.c. per 
kilo) markedly increased the carbon dioxide tension (by 27 mm.) , on 
the other hand the oxygen tension was markedly decreased (by 24 mm.). 
As the effect passed off the tensions returned to and beyond norma . 

* Journ. of Physiol. 57. p. 275. 
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Adrenalin. Subcutaneous injection of Adrenalin chloride (•25 mg. 
per kilo) increased the carbon dioxide tension (by 15 mm.) and decreased 
the oxygen tension (b)' 12 mm.). After several hours the tensions re- 
turned to and beyond normal. 

Urethane. Subcutaneous injection of the usual doses of urethane 
increased the carbon dioxide tension for the first few hours (by 15 mm.), 
but later the tension fell towards the normal level ; on the other hand 
the oxygen tension fell (by 5 inm.) for the first few hours; and later rose 
again towards the original level although the animal was still deeply 
tinder the influence of the anaesthetic. 

External temperature. My previous results^ for the effect of changes 
of external temperature on the carbon dioxide tension were really due 
to urethane, since further observations on unancesthetised animals have 
shown that marked changes of external temperature (1° C. to 37'' C.) 
produced as a rule no appreciable changes in the tension of this gas nor 
in the tension of oxygen. 

All the above variations may be explained by circulatory and meta- 
bolic changes. 


On the action of alcohol. By R. J. S. McDowall. 

It is usually stated that alcohol has little effect on the circulation 
apart from its dilating effect on the superficial vessels which is com- 
pensated by constriction of internal vessels. In animals under chloralose, 
injections of dilute alcohol intravenously cause a profound fall in venous 
pressure with, it may be, no change in arterial pressure. It is suggested 
that this fall of venous pressure and the consequent relief of the right 
side of the heart is the basis of the alcohol therapy so strongly adhered 
to by many clinicians in cases of cardiac embarrassment. Other facts 
indicate that the failure to recognise this fall hitherto may have been 
due to the use of ansesthetics which depress the circulation. The main- 
tenance of the arterial pressure appears to depend to a large extent on 
the integrity of the vagus and experiments are being carried out to see 
if this is really a vago-pressor reflex, i.e. the opposite, of the depressor 
reflex. 
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A constant pressure perfusion cannula. By W. F. Shanks. 


This cannula is designed for perfusion of the excised heart d£ the 
frog and is tied into the vena cava. Its principle is obvious from the 


diagram. The perfusion fluid on reach- 
ing a certain level runs off through the 
side tube. By means of the screw clip 
on the supply tube from the re.servoir 
it is a simple matter to adjust the flow 
to allow of this with a minimum of 
waste but the delivery of fluid to the 
heart is, within limits, independent of 
the clip. The apparatus is particularly 
suitable for testing the action of drugs. 
Its advantages are : 

1. Maintenance of a constant head 
of pressure. 

2. The dead space is very small 
and a test fluid acts on the heart 
almost instantly. 

3. Tests can be carried out with 
very small quantities of fluid. 

4. The open connection between 
caimula and reservoirs enables the 
latter to be manipulated at will with- 
out the least disturbance of the heart. 
Any number of reservoirs can be used. 

5. Eeadjustmentof thescrewelips 
on the supply tubes can be obviated 
by hooking the latter up when not in 
use. 

■ The apparatus has given satisfac- 
tion for class work at Glasgow Univer- 
sity. It originated in a suggestion 
made by Mr McCall, mechanic at the 
Physiological Institute there. 
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NOTICE BY THE EDITOR OF THE PROCEEDING'S. 

The blocks of all illustrations in the Proceedings up to 1921 are stored 
at the University Press, Cambridge. They will be returned to the authors 
if application is made to the Press during the next three months. Blocks 
which have not been claimed by April 1924 will be destroyed. 




PROCEEDINGS 

OF THE 

PHYSIOLOGICAL SOCIETY, 

December 15 , 1923 . 

A needle thermo-junction. By E. D. Adrian and C. F. Watts. 

.In many experiments it is important to know the temperature within 
the substance of an organ, e.g. a muscle or gland, and for this the most 
suitable indicator is a thermo-junction made in the form of a needle. 
The following arrangement is easily made up and is less liable to 
damage than the ordinary form of junction. A thin constantan wire 



(No. 30 gauge), insulated except at the tip, is passed down a hollow 
steel needle of the type used for exploring or intravenous injection 
(Parke Davies, No. 24, about 1 mm. external diam.). The bared end of 
the wire is soldered into the end of the needle just behind the point. 
This forms a constantan-steel junction (A). A steel or iron wire is 
soldered to the base of the injection needle, and this and the constantan 
wire are led away from the needle through a thin rubber tube. The 
arrangement of the other junction depends on the range of tempeiature 

' b 
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■which is to he covered. For working over a wide range the wires are 
led to a vulcanite block B ^vhich contains the constantan-iron junction 
G in a cavity drilled in the block and filled with oil at room temperature. 

The temperature of the oil is given a small thermometer. The iron 
wire circuit is interrupted by two terminals from Avhich ordinary flexible 
wires lead, through a reversing key, to a low resistance pointer galvano- 
meter (moving coil type, resistance 12‘4 ohms). < 

Over a range from 0 to 40° G. the readings of the galvanometer are 
very nearly directly proportional to the difference between, the tem- ‘ • 
perature of the two junctions. With the galvanometer at its greatest -f 
sensitivity a difference of 1° 0. gives a deflection of 4 scale divisions. 

For ordinary purposes we have reduced this by a shunt so that jl 
1° = 1’5 scale divisions. The instrument then covers a range of about 
35° without preliminary adjustment and -with an accuracy of at least ^°. ’j' 

For more accurate measurement between 30 and 40° a thermos flask \ 
containing water at 35° is substituted for the vulcanite block. \ 

The advantage of this form of thermo-junction is that it is protected |, 
from damage and that it can be. introduced into any part of the body 
which can be reached by an exploring needle. The cutting edges of 
the needle can be sharpened without difficulty so that its introduction 
should be no more painful "than that of an exploring or injecting needle. 
Junctions of this type and the other parts of the apparatus can be obtained 
from the Caimbridge and Paul Instrument Company. 

On the effect of insulin on the isolated intestine of the rabbit. 

By L. B. WiNTEE and W. Smith. 

The rabbits were killed and pieces of the small intestine were placed 
in wara oxygenated Binger solution as quickly as possible, 

A portion was then connected to a recording lever, and tracings of 
the contractions obtained. On adding insulin (crude or hydrochloride) 
to the solution a diminution in the amplitude of the beats takes place, 
often accompanied by diminished tonus of the muscle. After a variable 
interval the normal beat and tonus is regained, or it may he quickly 
restored by addition of pituitrin or pilocarpine. On adding atropine to 
the fluid the subsequent addition of insulin has little or no effect on 
the contraction. The action of the insulin would appear therefore to be 
on the nerve cells or endings rather than directly on the muscle. Since 
adrenaline is effective after atropine, insulin would appear to be acting 
as a depressor of the vagal system in the gut and not as a stimulant to 
the inl^ibitory sympathetic endings. 
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H6la.tionBhip between speed and efficiency. 

By F, A. Duffield and J. S. Macdo^nald. 

Benedict and Cafchcart, in theiccomprehensivestudy of “Muscular 
AVork’'{i) found, the “gross efficiency ’’greater the slower the rate of cycling. 
Their professional subject (M.A.M.) exhibited a maximum value at the 
slowest rate of movement habitual to him, 70 revolutions per minute — 
a slow rate, surely, only in the case of this professional subject. The in- 
crease of efficienc}' with diminution of rate of movement was such as to 
lead them to say that “a still slower rate of movement might have 
provided an instance of still greater efficiency.” 

It is clear that whatever use they may have made of the term 
optimum efficiency” no practical acquaintance was made with a 



value from which there was a decline on either side of a nodal experi- 
ence, or to speak briefly, they did not, as a matter of fact, observe an 
optimal efficiency.” This is a point of genuine interest to accountants 
of the data of “ movement ” who have to make allowances for expecta- 
tions based on the nature of muscular contraction, or — more important 
still— expectations based on time factors due to the use of long levers in 
muscular movement. It is also a point which, it would seem, has failed 
to attract due notice{ 2 ). 

We have for some time studied the CO* output and 0* intake of 
subjects cycling at varied rate against various loads (values of “brake- 
power ) and have found the “gross efficiency” increase at much slower 
futes, and have also failed to reach any optimal value of “gross efficiency. 

12 
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Thus with the subject “ Harrison ” (age 23, weight 64‘4 kilos, height 
5 feet *1^ inches) the “ gros^' efficiency ” is maximal at 40 revolutions 
per minute. 

The results however are such as to claim expression in another 
fashion, and thus indicate statement in terms of “ gross efficiency ” as 
beside the point. They are contained in the accompanying chart, in 
which the ordinate represents the measured “ brake-power,” or “ load ” 
and the abscissa the associated “ heat-production ” as deduced from the 
O 2 intake, and “ the respiratory quotient,” 

It is seen that the results fall naturally into three main lines, each 
one related to a particular rate of movement. Thus the influence of 
speed is self-apparent, and since, in addition, the lines are practically 
parallel and the “slope” thus the .same in each case, the results are 
expressible in very simple lashion, 

where Q is the heat-production, F the rate of movement, K the 
load or “ brake-power,” and where 6 and ^ are practically constants. That 
- is to say the results are expressible as a total cost partly assignable to 
the work done at a ‘practically constant efficiency, and partly to the “cost 
of movement” at a particular rate (3). 

In these particular experiments it is seen clearly that the “cost of 
movement ” varies in the most simple fashion with the rate of move- 
ment. This we attribute to the nature of the "cycle" used in these 
experiments, its “ back -wheel ” being heavily loaded to form a " flywheel,” 
differing thus very definitely from the “ copper disc ” used by Benedict 
and Cathcart, and also by us in our previous experiments. 
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Reaction of urine. By E. M. Watson. 

Dodds(i) has given reasons why, in all studies of variations in the 
reaction of the urine, the influence of secretions into the alimentary 
canal should be considered. It is possible, till the contrary is proved, 
that if some subjects show no alkaline tide after meals, it is because 
they are among the 4 p.c. of normal persons who, as Bennett an 
Ilyle(2) found, show complete achlorhydria. Equally, it may be the case. 
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till the contrary is proved, that a specially active secretion of gastric 
juice IS the cause of the very marked morning alkaline tide found by 
Leathes(3) in subjects kept in bed and giaen one drmk of water, the 
water in that case stimulating secretory activity 

In all of the four cases m which I collected specimens of gastric 
flmd simultaneously with specimens of urine from fasting subjects before 
and after drmkmg one half litre of water, the morning alkalme tide had 
appeared before the water was taken, and in only one w as any appreciable 
amount of hydrochloric acid found in the stomach until hter, apparently 
secreted as a result of the drmkmg of the water 

In one experiment, 500 c c of water was taken at 8 30 a u , when the 
alkalinity p c of the urine had already gone up from 44 to 60 It rose 
higher in the three succeeding hours The fluid in the stomach at 8 30, 
just before dnnking the water, contamed merely a trace of hydrochloric 
acid (2 c c ^'/10 p c ) 

In the same subject, on another day, the stomach which then con 
tamed no hydrochloric acid, was washed out with atropme at 8 30, an 
hour later, with no hydrochloric acid m the stomach, the alkalinity of 
the urme had gone up to 85 p c 500 c c of water was then taken and 
while small quantities of hydrochloric acid were subsequently found in 
the stomach (14, 8, and 32 c c iV/10 p c m the three following hourly 
samples) there was no further change m the reaction of the urme In 
no case, therefore, was any relation between the fasting morning alkaline 
tide and gastric activity to be detected 

The alkalme tide described by Bence JoneB(4) in 1845 and 1849 
as foUo^vmg dinner at 6 p m as well as breakfast at 8 a m did not occur, 
in the former case, till 2 or even 4 hours after the meal He appears to 
have taken no meal m the middle of the day Campbell(5) also describes 
an alkalme tide as the rule about three hours after any meal Dodds(O) 
showed that the alveolar COo rises to a maximum f to 1 hour after food 
and then falls to a miniTmiTn 1 J to 2 hours after food, the rise, in all of a 
variety of experiments, appearing to be due to removal of acid from the 
blood by the stomach, the fall, to secretion of alkali below the pylorus 
If effects of these secretions on the reaction of the urme occur, they 
should both occur at the same intervals after food In the change m 
the reaction of the urine brought about by hyperpnoea, which Leathes 
showed to occur, there is no lag 

Bodds, however, m addition to Bence Jones and to Campbell, 
ascribes to activity of digestive glands changes m the reaction of the 
urine which occur at very different mtervals after food from these, the 
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alkaline tide lasting on to the time of minimum alveolar COj tension 
traced to allcaline secretions into the intestine and an acid tide much 
later than this. The changes in the reaction of the urine, therefore, which 
he ascribes to the same causes as the changes in alveolar COg, come on 
too late and last too long. This is how he accounts for the absence of an 
alkaline tide after lunch. He has recorded no observations as to the 
effect of the evening meal, nor has he recorded observations on the effect 
of breakfast on alveolar COj . 

I propose to give in a later communication the results obtained in 
the evening hours and here those obtained on five days at the beginning 
of the day. 

On all five occasions, the alveolar COg tension obtained immediately 
on waking was considerably higher than later, as described by Leathes. 
On two of the three days, on which the usual breakfast was taken and 
the ordinary routine of work followed, small changes in the reaction of 
the urine synchronised with changes in alveolar COg such as Dodds 
has found to follow the raid-day meal, slightly increased alkalinity 
immediately after breakfast, slightly diminished an hour later. On the 
third day, the first sample of air was taken perhaps too soon after break- 
fast, 15', to show the rise of alveolar 002, sample an hour later 

showed a fall that may be associated with alkaline secretions into the 
intestine; but on this day neither the alkalinity p.c. nor the titratable 
acidity showed any corresponding change and the titratable acidity 
indeed rose in the first hour after breakfast and again in the second. 

On none of the days did the much larger morning alkaline tide occur 
simultaneously with the gastric changes in alveolar CO 2 tension; on one 
day it preceded breakfast and on tAvo days when no breakfast was taken 
it was more conspicuous still. 
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Some peculiarities of mitral insuflSciency, clinical 
and experimental. By D. T. Barbv, 

Optical records of cardiogram and arterial and venous pulses m 
healthy and abnormal conditions have been made from man, Becords 
of mitral regurgitation yield evidence of backflow in early systole before 
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tlie semilunar valves open. This early leak is considered by IViggers 
and F eil* to be of quite trivial amount or non-existent in e.xperimental 
work. Straub® and Schwartz® hold that leakage may be free in the 
presphygmic period. 

The present writer has investigated the question by producing mitral 
leak in the heart lung preparation and has obtained records which 
strongly support the \new that regurgitation may be free in the early 
phase of systole, especially with largo leak and low auricular pressure, 

A mechanical factor in pulsus alternans is suggested, namely efficient 
and inefficient closure of the a.-v. valves by alternating volume in the 
ventncle. This suggestion is supported by a comparison of experimental 
records of pulsus alternans with clinical curves of the same. Another 
conclusion which follows from these records is that in premature beats 
^^’ith which the auriculo-vcntricular valves arc not floated into position 
early regurgitation is free, and the premature beat accordingly cannot 
aid in compensation. 


Toxic action of Blercapturic Acids. By T. S. Hele 
and-E. H. Callow. 

In the literature there are two records of the administration of brom- 
mercapturic acid by mouth to dogs. Baumann and Preusse (1881) 
gave 8 gm. of the ammonium salt. They recorded no ill-effects. No 
glycuronic acid was excreted and only traces of mercapturic acid. It 
is possible that the dose was not absorbed. Marriott and Wolf (1907) 
gave 1 gm. of the acid, but the sulphur analyses of the urine do not show 
clearly whether the mercapturic acid was absorbed or not. 

In order to complete our studies on the metabolism of the halogen 
derivatives of benzene, we gave mercapturic acids by the mouth to 
discover whether the body can oxidise these substances. Four dogs of 
6 to 7 Idlos in weight have been used for our experiments, which are 
of a preliminary character. We found that half a gram of brom-mer- 
capturic acid was harmless, whereas 1 gm. produced after a delay of 
about 8 hours a very marked hemoglobinuria. The onset was sudden 
and the recovery rapid. Two gm. of chlor-mercapturic acid had 
the same toxic action. One gm. of the ammonium salt of brom-mer- 
capturic acid given subcutaneously also produced a hemoglobinuria, 

1 Heart, 9. 149. 1922. 

* Dmlsch, Arch. /. Kim. Mcil, 122. 1917. 

3 Wein. Klin. Woehen. 18. 1905. 
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wiiile half a gram of the ammonium salt of chlor-mercapturic acid vras 
harmless. 

The action is remarkable, when the comparatively non- toxic character 
of brom- and chlor-benzene is considered. These dogs are capable of 
dealing with 5 gm. of brom-benzene daily without any suggestion of 
a hsemolysis being produced, that is ten times the dose oi brom-benzeae 
equivalent to the toxic dose of brom-mercapturic acid. And yet the 
formation of a mercapturic acid is called a protective synthesis. 

What is the explanation? Baumann and Preusse found that the 
mercapturic acids are excreted in combination with glycuronic acid. It 
is possible that the formation of mercapturic acids is the result of the 
toxic action of the halogen benzenes on the cell and that the products 
have marked haemolytic properties. This may be prevented by the union 
of the toxic bodies vdth glycuronic acid. The velocity of the second 
reaction may be greater than that of the first reaction, so that hsemolysis 
never follows the administration of halogen benzenes. 

At present we are preparing the glycuronic acid compounds with the 
view to determining the relative haemolysing power of these compounds 
and the uncombined mercapturic acids. 

We have carried out preliminary experiments with quinine to deter- 
mine whether it has any effect on sulphur metabolism, as this compound 
is sometimes associated with the onset of Blackwater Fever in Malaria. 
Our experiments up to the present ha^m been negative, but further work 
is in progress. 


The Active Principles of Extracts of the Posterior Lobe of the 
Pituitary. By N. B. Drever and A, J. Clark. 

Hog ben and Win ton (i) studied the action of extracts of the 
posterior lobe of the pituitary gland in producing darkening in frogs; 
they concluded that the uterine and melanophore stimulants were 
practically identical, and suggested that the action of pituitary extracts 
on frog’s melanophotes might serve as a basis for the physiological 
standardisation of pituitary extracts. 

These conclusions are rendered doubtful by their observation (2) that 
the extracts of the Pars Intermedia of the ox pituitary have a more 
intense action upon frog’s melanophores than extracts of the posterior 
lobe, since Herring(3) found the reverse to be true as regards the action 
of such extracts on the isolated uterus. 
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The writers found that the melaoophore and uterine stimulants of 
the pitmtary could be partially separated by ultrafiitration through 
collodion sacs Collodion membranes m thimble form were used and were 
made from NecoIIodion containing 9 p c pyroxylin in equal parts of 
alcohol and ether Filtration was performed under a pressure of 100 cm 
of water The membranes under these conditions retained from 80-95 p c 
of Congo red(0 5 p c solution) The filtrate was found to have practically 
no action on the colour response of frogs but to have qmte a strong action 
on the isolated organs 

Exp 1 Thick merabrano used which retained p c congo red 

Pituitarj extract 1 m 6000 dried gland ultrafittercd 

Darkening was produced in frogs by one twentieth c c original fluid, but no action ^as 
produced by 1 c e of the ultrafiltrate 

When tested on the isolated uterus of the guinea pig the ultrA filtrate was found to 
have about a quarter of the ox\locic action of the onginal fluid, and on the decapitated 
cat the ultrafiltrate was about one sixth as activo as the original fluid m raising the 
blood pressure 

Exp 2 Pituitary extract contauung 1 p c of dried gland filtered through membrane 
vhich retained 80 p c congo red 

The following amounts produced colour change in frogs 

Original fluid 0 0005 c c (equals 0 005 mgm dried gland) produced a marked action, 
while ultrafiltrate 0 01 c c (equals 0 1 mgm dried gland) produced onlj a slight action 

In the perfused isolated ear of the rabbit the injection of 1 c c of diluted original fluid 
corresponding to 0 002 p c dried gland produced 60 p c diminution m the flow, while the 
^ same amount of ultrafiltrate produced 86 pc diminution 

Tests on the isolated uteri of the rabbit and gumea pig showed that the oxj tocic action 
of the ultrafiltrate was about one half that of the original fluid 

These results show that the melanophorc stimulant is almost com 
pletely retained by ultrafiltration through membranes which only retain 
a portion of the oxytocic substances The t^\o actions, therefore, appear 
to be produced by different and separable active principles, and estima 
tion of the melanophorc stimulant does not necessarily measure the 
oxytocic activity 

It further seems probable that the vaso constrictor substance is not 
identical with the oxytocic substance 

Further experiments are in progress 

The expenses of this research were defrayed bj a grant from the Government Grant 
Committee of the Royal Society 
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The partial neutralisation of the acidity of the gastric contents 
in the stomach, the opening of the pyloric sphincter and the 
changes in the duodenum during digestion. By M. Mcp. 
Baird, J. M. H. Campbell^ and J. E. B. Hern. 


Fractional test meals have been done on 60 healthy medical students 
with the ordinary gruel meal and the Einhom tube, according to the 
technique described by Bennett and Eyle{i). The usual titrations for 
acidity with di -methyl and phenolphthalein as indicators were done in 
each case, on specimens withdrawn each 15 minutes. In half of the 
subjects the total chlorides were also determined by Volhards method 
on specimens withdrawn each 30 minutes. With certain precautions it 
has been found that sufficiently accurate results can be obtained without 


ashing each sample. 

As suggested by Bolton and Goodhart(2) the curve of chlori e 
secretion is the more accurate measure of the amount of HCi secreted by 
the stomach. In many cases the curves for chloride and acidity re 
spectively show that considerable amounts of acid are neutralised in t e 
stomach. 

By passing one tube into the stomach and a second into the duo a® 
before the start of the meal and by applying continuous suction wi s 
water pump to the latter, the contents of the duodenum can e m 
drawn and examined during the course of digestion. The position o 
second tube in the duodenum was confirmed by X-ray examinafaon. 

The rate of emptying of the stomach is not affected by t s p 
ceeding and notliing unpleasant is noticed after the tubes have once 
swallowed. This is some evidence that the normal course o even 
not entirely upset. Practically the same method has ^31 

dependently for a different purpose by Lim,]\Iatheson an ’c 

With this method regurgitation from the duodenum into e s 
is effectively prevented in most cases, as is shown by the a 
in the gastric contents, when it is present in large amounts ^ 
denum. Contrary to our expectation the partial neutra sa ° 
acidity of the gastric contents in the stomach takes place 
way in these cases. As precautions were taken to prevent g^jjjach. 
of saliva, this must have been due to the secretion of alka i y ® 

The possibility of such a secretion from the pyloric part o 
was shown in several much earlier experiments (4). 

This method of simultaneous gastric and duodena sa 
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latter being continuous) gives a picture of the passage of food from the 
stomach to the duodenum and of the changes ivhich take place there. 
The conditions are at least as normal as those after a fistula has been 
established, and this method can be readily applied to man. 

After drinking water or gruel, some passes through the pylorus iWthin 
the first minute, and bile nearly always appears in the duodenum during 
the same* period. The first secretion of bile in man must therefore be 
under reflex rather than chemical control. Generally the acidity of the 
gastric contents is neutralised as soon as they reach the duodenum and 
their reaction becomes alkaline to litmus and di-methyl, but remaius 
acid to phenolphthalein. Even under normal conditions the neutralisa- 
tion is not always as complete as this. 

In more abnormal conditions the duodenal contents may be strongly 
acid. One subject drank 200 c.c. iV/10 HCl. During the first 15 minutes 
not very much of the acid left the stomach, and the portion which did 
pass the pylorus was completely neutralised in the duodenum. During 
the next 5 minutes 67 c.c. iV/SO HCl was recovered from the duodenum, 
t.c. the pylorus was widely open when the duodenal contents were acid. 
This degree of relaxation of the sphincter cannot have been due to the 
presence of the tube, for little had passed previously — only 13 c.c. during 
the' first 5 minutes. This experiment confirms the view of the older 
physiologists, which is still held by many clinicians and radiologists, 
that the opem'ng and closing of the pylorus may be controlled by other 
factors than the acidity of the duodenal contents. 

A full account of these experiments will be published in the next 
number of Gulf's Hospital Reports, 
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Observations upon capillary pulsation. By Thomas Lewis . 
{Preliminary Communication,) 

’If the band of a young and normal subject is soaked in water at 
45'to 47° 0. for three minutes, pulsation in the skin colour, of cardiac 
rhythm, can always be elicited by pressing a sheet of glass upon t e 
Anger tips, and often it can be elicited in many portions of the palm 
^ Working on behalf of the Medical Research Counc'il. 
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and back of tbe band. Tbe pulsation is tbe same as that termed “ capillary 
pulsation” clinically. It may be produced in almost any surface of tbe 
skin or in the mucous membrane of tbe bp by tbe method described, 
and frequently occurs spontaneously in tbe young when the skin area 
presenting it is warm from any cause. Tbe application of beat to a few 
square millimetres of skin will suffice to induce capillary pulsation in 
tbe area so heated, one evidence of several that the phenomenon is 
determined by dilatation of tbe arterioles. Any of tbe known methods 
of widening skin arterioles (amyl nitrite, etc.) will bring about capillary 
pulsation. In middle life and more advanced years tbe reaction to 
heat, above described, is usually reduced or absent; suggesting that tbe 
arterioles have lost, partially or completely, their power to expand. 

Clinically, “ capiUary pulsation” is seen most frequently and vividly in 
cases of aortic regurgitation, as is well known; and occurring in this con- 
dition is usually ascribed to large pulse pressure. It can be shown that large 
pulse pressure is not the chief determining factor even in aortic disease, 
though no doubt it aids. There is but an imperfect relation between the 
high pulse pressure in the brachial artery and capiUary pulsation in the 
fingers. By placing an armlet on the upper arm and maintaining its 
pressure at a level equal to or above normal diastolic pressure, the pulse 
pressure in the loiver arm of an aortic case can be reduced to normal 
limits; in these circumstances, and given full pulsation originally, 
capillary pulsation in the fingers persists. Capillary pulsation in aortic 
cases appears to be confined to those skin areas which are at the time 
warm. It is often conspicuous in the forehead and cheeks,' and these 
are then warm or hot to the touch; closely adjacent areas of skin if cool 
or cold, even though the vessels -in them are equally full, present little 
or no pulsation. If the cheeks are of equal colour, but one is found to 
be warm and the other cold, capillary pulsation is seen on the warm side 
only. If those areas of skin which are red are examined over the body 
generally, the same relations between skin temperature and pulsation 
’appear to be constantly observed. The customary clinical methods of 
displaying capillary pulsation to advantage,' namely, stroking the skin 
heavily with a blunt point or rubbing it, are methods which locally 
dilate the skin arterioles. Capillary pulsation in aortic regurgitation is 
determined chiefly therefore by a dilated condition of the arterioles, 
rather than by high pulse pressure. Those areas of skin which present 
capillary pulsation in aortic regurgitation are areas in which there is 
arteriolar dilatation. This arteriolar dilatation is often, though not 
necessarily, accompanied by visible or palpable dilatation of the main 
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arteries The vaso dilatation so identified is usually confined to the head 
and, in lesser degree, to the upper extremities m aortic cases, it helps, 
m the presence of a low mean blood pressure, to maintain a sufficient 
flow of blood through the capillaries of these portions of the body 
Amongst the vessels concerned in “ capillary pulsation ’ are the actual 
capillaries, as Sumbal( 2 ) has shown The pulsation is frequently trans 
mitted through these into their collecting venules, and from these further 
into the larger venules of the sub papillary plexus The pulsation in the 
veins, when traced to its source, has alnays been centripetal These 
events can be made out microscopically most clearly in areas of skin 
which show well defined clinical “capillary pulsation ’ and from which 
the horny layer of the skin has been removed previously by applying 
a blister Pulsation of the mmute venules of the face is usually to be 
identified m cases of free aortic regurgitation both macroscopically and 
microscopically Thus, the pulsating skin colour is due in part to 
pulsating capillaries and in part to pulsating venules as Boas(i) has 
lately suggested 
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The accurate gasometric determination of small quantities 
of oxygen. By C. B. Harington. 

An apparatus has been devised on the basis of the Van Slyke 
constant volume gas analysis apparatus (i), by ■which it is possible to 
determine the oxygen content of blood with 
more accuracy than has hitherto been obtain- 
able..- 

The only difference from the machine of 
Van Slyke consists in the provision of a 
special trap and two-way stop-cock at the 
lower end of the gas pipette (see diagram A). 

This arrangement makes it possible, after 
having liberated the gases from ‘the blood in 
the usual way, to remove the reagent mix- 
ture from the machine. The determination of 
oxygen or carbon dioxide or both can then be 
proceeded with in the usual way with the ad- 
vantage that the machine is in a clean condi- 
tion. The two pressure readings are taken 
over a measured amount of a mixture of 
equal parts of glycerol and saturated sodium 
chloride; this obviates the necessity for the 
correction for reabsorption of gases which was 
a disadvantage of Van Slyke’s first method. 

By means of this machine it has been 
possible to standardise the oxygen analyses 
absolutely by making successive gasometric 
and titrimetric determinations of air-free solu- 
tions of hydrogen peroxide. In a series of such 
experiments the results obtained by the use 

of this machine and by titration with permanganate agreed consistently 
to within O'l millimol of oxygen. 
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Using 2 c.c. samples of blood it is easy to obtain duplicate results 
to within O'l inillimol; 0'2 c.c. samples can be analysed, with no modi- 
fication in technique, to within 0 2 inillimol. 

The machine can also be employed for determinations of carbon 
monoxide. 

The above described machine was devised by the author in conjunc- 
tion with Dr Van Slyke, while working in the latter’s laboratory at 
the Hospital of the Rockefeller Institute, New York. 

EEFEBENOE. 

(1) Tan Slyko, D. D. J>roc. Nat. Acad. Sci. 7. 229. 1931. 


The effect of barometric pressure on the Oj and COj tension in 
air between the skin and the muscles. By Aegyll Campbell 
and Leonabd Hill. 

Haldane and Priestley (1905)<i) demonstrated the effects of 
variations— 646-5 to 1260 mm. Hg. — of barometric pressure upon the 
Of and COftensions in alveolar air in man. They found that within 
these limits of barometric pressure the partial pressure of COj in alveolar 
air is little altered whilst the partial pressure of O2 is increased by a rise 
of barometric pressure and decreased by a fall of barometric pressure. 
Leonard Hill (I912)(2) and Greenwood showed that the alveolar COj- 
partial pressure is unaltered even by excessive rise of barometric pressure. 

Boycott and Haldane (1908) (3) published researches of the effects of 
low barometric pressures on alveolar air tensions demonstrating how the 
COj-tension is lowered by marked decrease of barometric pressure, i.e. 
below 550 mm. Hg. This decrease of CO.-tension was considered by some 
to be due to an “acidosis” caused by a non-volatile acid not yet deter- 
mined. Barcroft (1923)(4) and his co-workers recently examined this 
question and concluded that the fall of CO2 in the alveolar air, is the effect 
of increased ventilation due to the action of 0^ “ want on the respiratory 
centre itself. 

In the present research we have employed a new method introduce 
by one of us (Campbell, 1923)(5), Air was injected under the skin of a 
rabbit and left there until the CO2- and Oj-tensions had come mto eqiuh- 
brium with the tensions of these gases in the tissue spaces. We were a 
to test the effects* of marked changes of barometric pressure on 
gases. By the kindness of Mr E. H. Davis, Managing Director, Messrs 
Siebe, Gorman and Co. Ltd, we were granted the use of the .pressur 
chambers at Westminster Bridge Road, London. 
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Effect of high haro7netriG fressure. Table A shows the results of a 
typical experiment in which the animal was exposed to barometric 
pressure increased from 736 to 1476 mm. It will be noted that the 
CO 2 p.c. actually found was decreased by almost a half so that the partial 
pressure (p.c.) after calculating for barometric pressure was not much 
changed. The 0^ p.c. actually found was increased so that the partial 
pressure was more than doubled. The fact, that the Og p.c. actually 
found was increased, is evidence of the therapeutic value of breathing 
O 2 at increased partial pressure. 

Effect of low barometric 'pressure. Table B gives details of a typical 
experiment in which the animal was exposed to barometric pressure 
decreased from 752 to 514 mm. The CO 2 actually found was increased 
somewhat but the partial pressure was much decreased. The O 2 p.c. 
actually found was slightly decreased so that the partial pressure was 
much decreased. 

Summary. The above results obtained wth the new method of sub- 
cutaneous injection of air were similar to those obtained by established 
methods. 




Table 








Partial pressure % in moist 


Barometric 

% actually found in 

air after calculation 

Time 

pressure 

dry air under skin 

for barometric pressure 

[mins.) 

ram. Hg. 


0 , 

CO, 

0 . 

A 






0 

736 

6-45 

2-55 

6-02 

2-38 

20 

1101 

5'10 

2-93 

7-29 

4-19 

33 

1476 

3-97 

3-00 

7-70 

5-82 

4n 

1476 

•3-33 

2-99 

6-46 

5-80 

57 

1476 

313 

302. 

607 

5-85 

67 

736 

— 

— 

— 

— 

226 

736 

6-31 

2-88 

5-89 

2-69 

B 






0 

752 

7-08 

2-31 

6-62 • 

2-16 

7 

514 



— 

— 

— 

81 

514 

8-28 

2-11 

5-12 

1-30 

96 

514 

8-32 

1-97 

515 

1-22 

104 

752 

— 

— 

— 



333 

752 

7-41 

2-64 

6-93 

2‘37 
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The influence of formaldehyde on the coagulation of blood. 
By B. J. COLLINGVVOOD. 

In attempts to sterilise solutions of thrombin the inhibitory influence 
of formaldehyde on coagulation of blood became apparent. 

Ihe formaldehyde used in the following experiments was prepared 
from commercial formalin diluted with various 'amounts of normal saline 
and brought after dilution just to the alkaline side of phenol red by the 
addition of N/10 NaOH. 

The following is a summary of the experiments. 

I. 

Freshly shed human blood + equal bulk of formaldehyde solution of 
various concentration. 

0-04 % formaldehyde Clot in G minutes 
0-1 . 13 .. 

0-2 „ „ 30 

0*4 „ Ko clot in 60 minutes 

Temp. 21^ C. 

II . 

Freshly shed human blood 4- equal bulk of 04 p.c. formaldehyde to 
which thrombin was immediately added. 

Instantaneous clot. Temp. 21® C. 

Freshly shed human blood + equal bulk of 04 p.c. formaldehyde to 
which thrombin v/as added after 1 hour. 

No clot in If hours. Temp. 15° C. 


III. 

Dry thrombin dissolved in 04 p.c. formaldehyde and added tooxalated 
human blood at various intervals of time after the solution was made. 
Immediately after dissolving the thrombin Good clot, 30 secs, 
f hour „ Faint thread, 30 secs, 

i Thread, 10 mins. 

1|- hours VervfaintthreadinlOmins., 

no more clotting in H hours 


Temp. 16*5® C. 

Conclusions, Both fibrinogen and thrombin are destroyed by formal- 
dehyde, but in neither instance is the destruction immediate. It is an 
interesting question whether this destruction is due to the methylenation 
of amino groups, and whether such groups in fibrinogen and thrombm 
ere necessary for the formation of fibrin by the interaction of these two 

hodies. 
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Biological action of light, experiments on penetration and 
absorption. By Argyll Campbell, A. Bidinow and Leonard Hill. 

Dreyer and Jansen^, using the frog’s tongue, showed that rays 
from a carbon arc lamp (30 amp. ; 45-50 volt.), with heat rays filtered off 
through a quartz water container and focussed, dilated in a few minutes 
all the vessels in the area exposed whilst stasis developed rapidly in the 
capillaries. The tongue was irrigated with cold saline solution to prevent 
the heating effect of the visible rays. We have repeated these experiments 
with similar results, using a small carbon arc lamp (5-10 amp.; 50-C0 
volt.) and taking similar precautions to exclude the temperature effect 
and to focus the rays by means of a quartz lens. When the ultra violet 
rays were excluded by a glass screen, no stasis developed in the capillaries. 
Exposure of the frog’s tongue to a 25 amp. arc, 230 volt, produced stasis 
in the superficial capillaries when no focussing lens was used; in this case 
a carbon pole with aluminium core was employed. The tongue was irrigated 
to keep it cool and placed 2 feet away from the naked arc flame. 

While exposure of the frog’s lung and mesentery to the unfocussed 
total radiation from the mercury vapour lamp at 15 cm. distance pro- 
duced stasis in the capillaries — ^the temperature effect being excluded— 
we were not able to produce capillary stasis in the dorsal surface of the 
frog’s tongue or web of the foot with the unfocussed rays in this way even 
after several hours’ exposure. On the other hand, with the rays of the 
mercury vapour lamp focussed by a quartz lens we were able to produce 
a stasis in the tongue which a glass screen prevented. It was due then 
to ultra violet lays. 

The unfocussed mercury vapour lamp (we used Kelvin, Bottomley 
and Baird’s 2-5 amp.) at 15 cm. distance, acting for 10 minutes on the 
warm white skin of the upper iimer surface of the arm produces a well- 
marked erythema, which comes on some two hours after e:^osure; it 
also kills infusoria, exposed in a quartz tube and kept cool, in about 10 
minutes. Transparency to, or penetration by, ultra violet rays comes into 
play as well as the biological activation of these rays by visible rap. 
Infusoria are killed by the ultra violet rays in which the m.v.l. is rich 
because they are so small that the short rays penetrate their surface and 
are absorbed by the nucleus and cell protoplasm. 

We conclude that in the case of the human skin the longer ultra violet 
rays of the m.v.l. act by penetrating to the deep cells of the epidermis. 
Producing changes there, erythema is excited by damaged tissue ce 
products acting on nerve endings and capillaries. 

’ MtUeilungen aus Finsens LicMtMlUui, 9, 180. 1905. 
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The relation between the epectrum of, and the affinity for certain 

gaBes for, vertebrate hEemoglobln. By M. L. Anso.v. J. Barcroft, 

H. Barcroft, A. E. Mirskv, S. Oinuma, C. F. Stockman. 

The folloiving relation has been found to hold for the hiemoglobins 
of Man. Horse, Cat, Sheep, Mouse, Rabbit, Hen, Pigeon, Roach, Lizard, 
Frog and Tortoise : 

If X be the position of maximum intensity of the a band in Angstrom 
nite and B that of the CO band* and if K be the relative concentrations 
of Oj/CO dissolved in a solution ivhich contains 50Vo 0,Hb and 
SOVoCOHb . ' ‘ 

Iog/r==*050(A 

-^is the measure of the equilibrium constant of the reaction and 
og K that of the free energy change. Therefore the displacement of this 
spectral band is proportional to the free energy of the reaction. 

The spectra of the ha?mochromogens derived from all the above 
bloods are identical. 

On the glycogen In the liver and muGCles after insulin 
convulsions. By L, B. Winter and W. Smith. 

Dudley and Martian state that glycogen almost entirely disappears 
rom the liver and muscles of animals in insulin convulsions. Since 
animals may be recovered from convulsions by means of adrenaline, 
when the blood sugar gradually rises towards normal, it is probable that 
6 sugar which has disappeared has not entirely been burnt. It seemed 
possible that the tissues of animals recovered from insulin convulsions 
y adrenaline might contain more glycogen than at the convulsion level. 

Indications were obtained that this is so using rats. With rabbits 
owever the glycogen may not have disappeared when convulsions occur, 
as much as 3 p.c. has been found in the liver of a rabbit after 24 hours 
starvation during convulsions. Using rabbits from the same litters 
greater uniformity has been obtained ; while the animals of some litters 
inay convulse at a high glycogen level, others do so when the glycogen 
as almost disappeared. On recovery by adrenaline it is found that the 
g ycogen present in the liver and muscles is as a rule greater than the 
convulsion level (for the same litter), the blood sugar meanwhile having 
nsen. These facts would support Noble in that insulin convulsions are 
not necessarily due to the absence of glycogen in the body, and further 
it IS possible that the glycogen which has disappeared has been con- 
verted into some intermediate form from which it can be regenerated 
uy antagonising the insulin. 
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, On the variation in excitability produced by extension 
in muscle. By Grace Briscoe. 

This investigation resulted from certain observations made on the 
diaphragm. This muscle may be regarded as consisting of two portions, 
the central parts forming the crura, and the lateral parts forming the 
dome. By moving the trunk, the tension of the muscular fibres in the 
two parts can be diminished or increased. If the crural fibres are put on 
the stretch a threshold stimulus, per the phrenic, will cause them to 
contract, but is ineSective with the less tense dome fibres; and vice versa. 





(A) Foot at right angles to leg, and muscle under tension. 

(B) Foot in half-iraj' position. 

(C) Foot straight with leg, and muscle slack. 

The gastrocnemii, in situ, of rabbits and cats were investigateil- 
Ether and urethane were given in most cases, the experiment was le 
peated under ether only, and in decapitated animals. An inducbon co 
was employed, and the gradation of stimuli obtained by moving ® 
secondary. The break shocks were sent in at regular intervals, never es» 
than 5 seconds. The gastrocnemius and sciatic of the same 
exposed, and the muscular branches of the gastrocnemius stimulate , 
connection with the c.N.s. being maintained. The muscle was no 
turbed, except that a thread was tied around the tendon to recor 
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tractions. The thigh was fixed at right angles to the body, and the leg 
shank kept horizontal. "When the foot was held at right angles to the leg, 
the muscle was stretched, when the foot was straightened out, the muscle 
became slack. Thus the muscle was never extended beyond a point 
possible in the natural relationships of the body. 

The threshold stimulus for the muscle in one position was tested, 
and then the foot was immediately moved to another position, and the 
threshold stimulus tested again, without any other alteration in the con* 
ditions. The results showed that when the foot was placed at right angles 
to the leg and the muscle thus put. on the stretch, the excitability of the 
muscle was raised, and it responded to a stimulus which was ineffective 
when the foot was extended and the muscle slackened. 

In this series ten rabbits and four cats were tested. In one cat no 
change in excitability could be demonstrated. 

It was found that this change in excitability could not be demon- 
strated when the sciatic nerve was cut off from the central nervous 
system. 

A number of experiments were also done on isolated frogs’ gastro* 
cnemius-sciatic preparations. The length of the muscle was altered by 
adding small axial loads. Here again a constant change in excitability 
could not be demonstrated. 

These two observations suggest that the change in excitability pro- 
duced by altering the length and tension of a muscle in its natural 
surroundings is dependent upon the integrity of the. reflex arc, and is 
probably therefore a reflex phenomenon. These observations suggest that 
the grading of muscular response may be controlled by means of sub- 
maximal stimuli, e.g. in such a muscle as the diaphragm, where one part 
may be rendered tense and another part slackened by altering the position 
of the trunlc (as I demonstrated in a previous communication to the 
Society!) a submaximal impulse may cause a contraction m that part 
of the muscle which is sufficiently under tension to be excited by it 
and the slack portion will remain inexcited. In this way the diaphragm 
may be able to meet the need for varying depths of inspiration. 

1 Joum. oJPhyital. 54 . 46 . 1020 . 
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Potassium and sodium in sweat. 

By G. L. Peskett and P. G. Raiment. {Preliminary Note.) 

The following obserservations on the composition of the sweat under 
various conditions are interesting in connection with the results pub- 
lished by Moss(i). 

The method of collection employed was precisely similar to that used 
by Moss, except that the clothes were extracted vsrith the washings by 
means of a Soxhlet apparatus working in vacuo, which allowed of much 
saving of time in evaporation, etc. The final extracts were then made 
up'^ known volume and the potassium and sodium estimated by the 
method of Kramer and Tisdall(2). 

The results were as follows : 


Subject 

Conditions of Expt. 

Total Na 

Total K 

1 

■Work on bicycle ergometer 
for i hour 

0'142 gms. 

0'039 gms, 

2 

Best in deep bath for 20 mins, 
at 101° F, 

0‘118 gms. 

0-036 gms, 

3 

Best in radiant heat bath 
for 15 mins., 110° F. 

0‘059 gms. 

O’OOS gms. 

4 

Best in -whirlpool bath for 
i hour at 100° F. 

0’023 gms. 

0-037 gms. 


It will be seen that with the exception of the figures obtained in the 
last experiment, which is still under investigation, the results do not 
agree with the observations of Moss, as regards the relative proportion 
of Na and K. 


eefebences. 

(1) Moss, K. N. Proo. Eoy. Soo, B, 95. 181. 1923. 

(3) Kramer and Tisdall. J. Biol. Ohem. 91. 263. 1920. 


NOTICE BY THE EDITOR OF THE PROGEEDINQS._ 

The blocks of all illustrations in the Proceedings up to 1921 are stored 
at the Univeraity Press, Cambridge. They will be returned to the authoK 
if application is made to the Press. Blocks which have not been claime 
by April 1924 will be destroyed. 
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The nature of the muscular rigidity and tremor of paralysis 
agitans. (Preliminary observation.) By F. M. R. Walshe. 


Loss of voluntary power and hypertonus, or spasticity, follow lesions 
involving the pyramidal system of fibres in man. The physiological 
identity of spasticity with experimentally produced decerebrate rigidity 
is now generally recognized. In paralysis agitans and other extra- 
pyramidal motor diseases a form of muscular hypertonus is present 
which differs in certain important respects from the spasticity of 
pyramidal system lesions. Very little is Icnown of the physiological 
sigmficanco and origin of this extra-pyramidal muscular rigidity. It is 
nearly always accompanied by tremor, but never by any definite paral^is 
of voluntary power. De-afferenting the spastic muscles in pyramidal 
system disease, by the operation of posterior root section, rendera them 
atonic, an indication that spasticity is a proprioceptive reflex arising in 
the muscle itself. For obvious reasons, this operation has not been 
employed as a therapeutic measure in paralysis agitans,^ and we do not 
know whether the rigidity of this disease is such a propnoceptive reflex, 
or indeed is reflex at aU. Its relationship to tremor is equally unknown, 
and it has not been possible to determine to what extent it is a factor 
in producing the other disorders of movement charactenstic of paralysis 


"®Lnf;Btrand and Magnua have found that the tonic muecles of 
decerebrate rigidity or of tetanus spasm can 
rendered flaceil by doses of novocain which when injected 
the muscle do no/impair conduction 

THs method has nervfs is'estimated by 

in paralysis agitans. The inte^ty ^ ^ balance as 

perio&al exandnations of_ vol^^^^^ glance m’usole tests.’ A one per cent. 
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The adequate dose varies with the bulk of the muscle under investigation. 
From 18 to 26 c.cms. for biceps, 10 c.cms. for each head of triceps, and 
the same dose for each of the forearm muscles are found to give most 
satisfactory results. Within ten minutes of the injection, the rigidity, 
as tested by passive movements, begins to wane, and may disappear 
completely within twenty minutes, leaving the muscle flaccid. Voluntary 
power remains intact. In these circumstances, the muscle becomes 
painless to pressure, its tendon jerk may be completely abolished, and 
certain changes in voluntary movement are observed. The range and 
speed of such an alternating movement as flexion-extension of the fore- 
arm are both increased, sometimes to double the original amplitude and 
rate, fatigue is delayed, and the subject may be able to carry out pur- 
posive movements which have long been impossible. In some cases 
slight ataxy of movement was noted. The following conclusions may be 
drawn: the rigidity of paralysis agitans is a proprioceptive reflex arising 
in the rigid muscle, it is a potent factor in producing the slowness and 
limitation of range of movement which are so characteristic of paralysis 
agitans. Tremor is a distinct and separable phenomenon, and persists 
unabated in the flaccid de-afferented muscle. 


A method of obtaining 50 c.c., or more, of human arterial blood. 

By F. R, Fraser, Gr. Graham, and R. Hilton. 

The method of obtaining arterial blood by puncturing the radial 
artery, as introduced by Hurter(l) and Stadie(2), has been of great 
value in the investigation of the respiratory problems in man. By this 
method it is not easy to obtain sufficiently large amoimts of blood to 
allow of the necessary observations for the construction of CO 2 dissocia- 
tion curves, etc. In some patients it is possible to obtain the necessary 
quantity from the brachial artery at the elbow. By puncture of the 
femoral artery, however, we have found that it is easy to obtain 50 c.c., 
or more, of arterial blood without danger to the patient and usually 
without any pain or inconvenience. 

The femoral artery immediately below Poupart’s ligament is palpated, 
and the skin over the place where the pulsation is most distinct is 
anaesthetised with novocain. We have used an all glass 50 c.c. syringe 
containing 0*25 grm. of dry powdered potassium oxalate and sufficient 
liquid paraffin to fill all the dead space, and a platinum-iridium need e 
2-5 cm. long and 20 w.g. size. The needle, sterilised and fitted ^ ® 
syringe, is pushed through the skin and gradually advanced inwards an 
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tte artery isfeltpuJsating atthe point of the needle 
It IS then pushed gently into the artery and the Wood immediately fills 

rtS IrTf to maintain firm pressure over the 

OeZrinnoIf “’■ned out this procedure more than forty times. 
art!rv P“‘° t’'® “eedle is approaching the 

not im **“’ operation is completed. One of us 

^ ““t'Med his day’s work immediately after a puncture had 

inn ^ ““d there was some effusion of blood, as evidenced 

5„f ^ “® discolouration, and a slight ache for some days after, 

is has not been observed in the patients who are confined to bed. 


REFERENCES. 

(1) Harter. Deutsch. Arch. Win. Med. 108. 1. Leipiig, 1012. 

(-) Stadie, W. 0. Joum. Eiper. Med. 30. 216. New York. 1919. 


Solubility of oxybmmoglobin in the red corpuscle. 

By OiLBEKT S. Adair. 

Pi ^“Hewing quotations are from Starling’s Principles of Human 
ysio ogy (1916). “Though the hmmoglobin can be separated from the 
8 roma y very simple means, it is difficult to believe that it is in watery 
0 u ion... the solution would have to contain at least 30 p.o. hcemoglobin. 
0 so ution of this strength can be prepared.’’ 

n ®OMe of my experiments on osmotic pressure at the Massachusetts 
enera Hospital, part of the hmmoglobin crystallized out, thus giving 
n ^portunity for solubility determinations. 

itp. 74. (pH 7-0, salts 0, temp. 4°), pressure 22 mm., solubility 6 p.c. 
j ®'d’ f-sHip- 4°), pressure 252, solubility 27-3 p.c. 

is h solubility of pure haimoglobin in pure water 

“ mixture of salts resembling the salts 
St y ^iKimoglobin crystals dissolved readily, 

th ““ *“8 suggests that some form of combination is necessary in 
Co* ^ prevent the hmmoglobin from crystallizing out. This 

^ potassium hsemoglobinate, and Exp. 174 shows that the 
u 1 ty of this compound would be large enough to account for the 
sence of crystab in the corpuscles, even at fairly low temperatures. 


xxxvi PROCEEDINGS OF THE PHYSIOLOGICAL 


‘After-discharge^ in a peripheral nerve-muscle preparation as- 
influenced by the state of the circulation and the initial passive 
stretch. {Preliminary note.) By John Faequhak Fulton. 

If the unexcised semitendinosus, sartorious, or gastrocnemius of the 
frog is stimulated under various degrees of initial stretch through its 
cut nerve by 50 break shocks delivered at 70 per sec., so long as the cir- 
culation remains active the following features may be observed (recorded 
by an “isometric” lever permitting of 2-3 mm. tendon movement): 
(1) the greater the initial tension within physiological limits, (o) the 
greater is the height of the tetanic plateau, an observation similar to 
that lately made by Sherrington and Liddell(i) upon the responses 
of mammalian muscle, (b) the longer the time of ascent to the ‘steady 
state’ or plateau, (c) the greater the extent of the peripheral after- 
discharge. (2) ‘Half-relaxation’ of a muscle with active circulation is 
usually achieved within -01 sec. after the termination of the after- 
discharge (see Fig. 1). When the circulation is stopped relaxation becomes 
slow and irregular. (3) The temperature coefficients for the ascent time 
and for the after-discharge vary together from 1-4 to 1*5 (see Fig. 2). 
(4) The ratio between the duration of the after-discharge and the time of 
ascent in gastrocnemius appears to be a constant approximating 0-50 for 
all degrees of initial stretch up to 130 gms., and for all temperatures 
between 10° and 25°. (S' The gastrocnemius at 20° is able to foUow 
mechanically 70 per sec. 



Fig. 1. Unexcised gastrocnemius of 20 gm. frog at 20° C. Stimulated by 62 just 

break shocks delivered through cut sciatic nerve at 70 per cent, by a Stoi^gwn 
tomion-wire separation key. A single shock prewdes the tetanus. Cod corel^ana 
secondary in series with 20.000 cu graphite resistance. Preparation spmal, a^cm 
respiration; circulation active. Stimuli shown by upper signal; time m -01 sec. oy 
the lower. Tendon movement x 18. 
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From these observations it is concluded (1) that the delayed relaxation 
of the twitch with increasing initial tension is an expression of greater 
initial lactic acid production (cf. Fenn(3)>, rather than to its less rapid 
elimination (3). (2) The plateau represents a state in which the rate of 
lactic acid production is exactly equalled by its rate of utilization. There- 
fore, when the rate of production (the amount, i.e. for each separate 
stimulus) increases, more time is required to reach the steady state or 
plateau, and since this greater velocity of reaction implies a more pro- 
longed acid production after cessation of the stimuli, we have here the 
raison iVetre of the after-discharge. 



Fig. 2. UnexcUed gaulrocnemiitt. Conditions similnr to those indicated in Fie. 1 save that 
tlie temperaliiTC is Tariod, nnd tiio ptoparation is 
Initial tension uO gms. for each curve. Tendon movement x 18. 


Table I, Showing the effect of incrc.asing the initial tension upon tlie ascent time 
the after-discharge. From a typical record Bhowm m Fig. 1. 

Initial 

Tension 

Accent time 

Aftcr-diocliarge 

Ratio 

tension (gms.) 

developed 

( 01 sec ) 

(t<» 1 relax ) 

after-d./ascent 

5 

215 

14 

’ R 

0 57 

15 

350 

20 

10 

0 50 

25 - 

410 

21 

11 

0 52 

40 

430 

24 

13 

0 34 

65 

470 

30 

15 

0 50 

70 

480 

32 

10 

0 50 

100 

520 

40 

20 

0 50 

130 

500 

49? 

23 

0-48? 


Table II. Shoirinj 


Temperature 

tension 

10 

IS 

20 

25 


the efTect of temperature on the ascent time and the after-discharge. 
Initial tension 50 gmg. Taken from Fig. 2. 


Tension 

developed 

650 

535 

635 

520 


Ascent 

time 


43’ 

35, 

20; 


coef. 

1*48 


22 f 

REFERENCES. 


After- 

discharge 


19 

IG 

11 


coef. 

1*40 


Ratio 

aftcr/ascent 

050 
0 40 
0 40 
0 44? 


(1) 1923. Proc. Roy. Soc. 95 n. 323. 

(2) 1923. This Journal, 53. 200. 


13) 1921. This Journal, 55. 400. 
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On the fluctuations of potential in green leaves under the 
influence of light. {Preliminary note.) By J. G. Waller. 

When a green leaf is illuminated, changes of electrical potential are 
brought about. These changes can be made evident by comparing the 
potential of an illuminated ai’ea with that of a control area kept at 
constant potential. 

As the control we may use either a shaded portion of a normal green 
leaf or an albino portion of a variegated leaf; this is part of the evidence 
that it is the activity of chlorophyll which plays a predominant part in 
producing the photo-electric response of leaves. 



Fluctuations of potential in young leaf (attached to plant) of cabbage (Drassica oleraceah.) 
during and after hours’ illumination by electric light, the heat of which wag cut off 
by a water bath. Upward displacenjent of record indicates positivity of the illuminated 
area: do\vnward displacement negativity. The horizontal line is zero. Room tem- 
perature 18" C. 23 January 1924. 

The changes of potential take the form of fluctuations, positive and 
negative, which gradually subside if the illumination is prolonged (see 
Figure). When the light is cut off, there is an after-effect which also 
takes the form of fluctuations, resembling those which occur during 
illumination, but generally starting in an opposite direction, as shown 
in the Figure, 

The fluctuations may be explained by supposing that light brings 
about two sets of chemical actions in the leaf, the ionic movements of 
which are the cause of positive and negative states respectively. Accord- 
ing as one or other action predominates, so the electrical potential would 
be shifted in the positive or negative direction. 
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The above theory was put forward by the late Professor A. D. Waller 
and is an application of the well-known theory of Hering, according to 
which a negative effect implies “ dissociation ” and a positive effect 
“ association." 

The green leaf, the synthetic organ par excellence of Nature, appears 
to he well adapted for testing the theory, and affords evidence as follows: 

1. The positive change (indicating synthesis) is favoured in a leaf 
tested in air fertilised by an addition of CO^. 

2. The positive change is also favoured in a leaf which has been kept 
in darkness for some hours previously to testing, and whose tissue would 
therefore he charged with CO 2 or other products of respiration. 

3. Conversely the negative change is more pronounced in leaves 
which have been exposed to light for some hours previously to testing. 

4. Tests in COj-free air are not yet decisive. 

5. During illumination lasting one hour or more, the positive fluctu- 
ations are as a rule, but not always, predominant over the negative. 
This is in accordance with the well-known fact that in leaves exposed 
to light for such periods, synthesis predominates over respiration. 

6. The subsidence of the fluctuations during exposure may be due to 
respiratory and synthetic processes coming nearer towards equilibrium 
with each other, but is not satisfactorily explained. 


Comparison of osmotic pressures of oxyhEemoglobin, reduced 
hsmoglobin and methsemoglobln. By Gilhert S. Adair. 
Douglas, Haldane and Haldane in 1912 (this Journal) suggested 
that reduced, hremoglobin (Hb) was more aggregated than oxy. (HbOj). 
The following flgures give p, the observed osmotic pressure in mm. 
mercury at 0° C. and c in grams Hb per 100 c.c. solution with an outer 
liquid KCl M/10, Na 2 HP 04 M/15, pH 8'. „ . ^ 

The hremoglobin was prepared from the blood of G. S. Adair. The 
ratios p/c, given below, prove that the osmotic pressure is practically 
independent of the degree of oxidation, therefore Haldane’s theory is 

not confirmed. . _ 

HbOj, 6-78 p.c., P 20-2, ratio 2-98. 

Hb Met, ■6-78 p.c., p 19-8, ratio 2-92. 

Hb p.c., P 13*2, ratio 3*14. 

The comparison of these figures is much easier than the explanation 
of their absolute significance, but a later article will show they indicate 
a molecular weight near to 66,800. 
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The above theoiy was put fonvnrd by the late Profesaor A. I). Wnllcr 
and is an application of the well-known thcorj’ of Hcring, nccording to 
which a negative effect implies "dissociation” nnd a positive ofToct 
“association." 

The green leaf, the synthetic organ par excellence of Nature, appears 
to e wll ad.apted for testing tho theory, and afibrds evidence ns follow.s : 

. The positive change (indicating aynthesis) is favoured in a leaf 
toted m air fertilised by an addition of CO,. 

, The positive change is also favoured in a leaf which hn.sbccn kept 
hours previously to testing, and who.so tissue would 
^re ore be charged with CO, or other products of respiration, 
wbirti negative change is more pronounced in leaves 

A oxiwsed to light for some hours previously to testing. 

5 p . “t CO, -free air are not yet decisive, 
aliens '''“"ijnation lasting one hour or more, the positive fliiotu- 
This is'in ‘''"■’‘ys- predominant over tho negative. 

loliRht forfin!), f'lt't in leaves exposed 

0. Tho Rllt^ • 1 ^ynlltosis predominates over respiration, 
respiratory and fluctuations during exposure may be duo to 

with each other 1 r ^ coming nearer towards equilibrium 

' ‘3 not satisfactorily explained. 


‘’‘■°*yh®moglobin, reduced 
Done! w “etharmoelobin. By Gilbp.bt S. Adair. 

‘'jatreduccd.hffim!fgbbtaT^w^““”‘“ Journal) suggested 

following Bcuros v ® “ggregated than oxv. (HbO,). 

r^^ryatO-C^rain “-otic proasuro in mm. 


“ Vio, given below prove th^/fb 
'iopendent of the dewL of Pressure is practically 

"“looaermr,! “S'®® oxidation, therefore Haldane’s theory k 


20-2. ratio 2-98. 

Met. 6.78„p.c.,p 19.8. ratio 2-92. 

The comparison of rl. ^ 3-14. 

a m? f '°’"*® “gaflicance CtlT T"''* explanation 

“®'^<=ular rveight^ear to GsSo *®y 



